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ABSTRACT
Rapid, generic, and environmentally friendly methods
for extraction and detection of the pesticides atrazine,
cyanazine, metribuzin, and simazine were developed for use
in monitoring the cause of pesticide related or suspect
fish kills.

Further, environmental hypoxia and elevated

temperature were studied as

possible contributors to the

toxicity of atrazine in channel catfish (Ictalurus
punctatus) and as synergistic factors to be considered in
investigating fish kill events. Incurred residues from the
exposure of catfish to atrazine alone or hypoxia or
elevated temperature and atrazine were also analyzed.

A

commercial enzyme-linked immunoassay (ELISA) was utilized
as a screening method for the presence of atrazine in
fortified fish tissue with extracts obtained from matrix
solid phase dispersion (MSPD) .

Under conditions for the

toxicity of atrazine and hypoxia test, tissue
concentrations determined by HPLC in exposed fish were 22.1
ppm in the muscle and 32.8 ppm in the liver under normoxia;
under hypoxia, concentrations were 22.4 ppm in the muscle
and 35.3 ppm in the liver.

In addition, fish exposed to

hypoxia and atrazine died sooner than fish exposed to
normoxia and atrazine.

For the elevated temperature and

atrazine toxicity test, tissue concentrations were 17.2 ppm
in the muscle and 27.2 ppm in the liver at ambient
xiii
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temperatures.

Tissue concentrations were 22.2 ppm in the

muscle and 37.7 ppm in the liver at elevated temperature.
In addition, fish died sooner under increased temperatures.
Further, statistical analysis showed that the combination
of hypoxia and atrazine and elevated temperature and
atrazine exerted dependent effects in fish deaths.

MSPD

extraction and detection of triazines by HPLC-UV diode
array showed excellent linearity of response, precision
(both inter-and intra-assay variation), and recovery over a
range of analyte concentrations.

The ELISA gave

anticipated responses at negative, low, and high
concentrations with no matrix interference.

Environmental

factors of hypoxia and elevated temperature were observed
to increase the toxicity of atrazine to channel catfish.
Such findings may prove significant in placing the cause or
contribution of pesticides to fish kill events.

xiv
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CHAPTER 1
GENERAL INTRODUCTION
Louisiana is known as the "Sportsman's Paradise"
because wild game and fishes abound in the state's
wetlands, thus hunting and fishing comprise a large portion
of both commercial and recreational activities. It is
estimated that $114 million dollars was generated
commercially in 1994 from aquaculture and $277 million in
commercial marine harvests [1.1].

In 1991 over $300

million was spent on recreatinal angling in Louisiana
[1.2] .
Louisiana is also an agricultural state where over 13
million acres are under agricultural cultivation.

In 1992,

the revenue generated from Louisiana crops was greater than
$5.4 billion [1.1].

However, pesticides and fertilizers

used in agricultural production are potential contaminants
of the many rivers and ponds that make Louisiana such a
hunting and fishing paradise when, most commonly,
pesticides enter a body of water by runoff of freshly
sprayed fields after a rainstorm (non-point source)

[1 .1 ,

1.3] .
Reports of massive fish kills and bans on fishing
associated with agrochemical contamination of water attract
media attention and public outcry.

Not only are people's

1
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livelihoods and recreational activities endangered but this
poses a serious health threat to potable water, potential
food sources, and the environment in general.

For this

reason fish disease diagnostic laboratories throughout the
United States and Canada are equipped to investigate and
diagnose the etiology of fish kills, especially since fish
deaths can be associated with microbial, parasitic,
environmental, and/or toxicological events [1.4].

The

Louisiana State University Aquatic Animal Diagnostic
Laboratory in the School of Veterinary Medicine (LSUSVM)
screens about 300 fish kills cases per year.

The

toxicologists associated with this laboratory are assigned
the task of developing generic methods to analyze tissues
for residues of various xenobiotics including pesticides
and

some drugs.

The laboratory has developed methods

based on matrix solid phase dispersion (MSPD) isolation and
instrument analysis for the detection of drugs and
pesticides for many domestic species [1.5].

Demonstration

of such analyses for other classes of pesticide residues in
fish tissue by these methods was deemed warranted and was
undertaken as reported here.
In our continuing quest to define a new method for
pesticide detection in fishes, we selected the family of
triazines to serve as a model to define a new process for
the rapid extraction, detection, and analysis of compounds
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of concern in the incidence of fish kills. Triazines are a
group of compounds based on the s-triazine structure
containing two substituted amino groups while the third
ring carbon possesses chloro-, methoxy-, or azido
functional groups (Figure 1.1).

Examples of triazines are

atrazine, simazine, cyanazine, and metribuzin.
Triazines are highly effective for pre- and postemergent weed control on corn, grain sorghum, sugarcane,
cotton, peaches, strawberries, and several other crops
[1.6 ,1.7,1.8 ] .

In the United States approximately 40-55

million kilograms of triazines are used each year in
agricultural production [1.9].
used of all the triazines.
to

66%

Atrazine is the most widely

In 1992, atrazine was applied

of all cultivated agricultural crops in the United

States [1.10], and simazine was applied to 50% of all fruit
and nut trees [1.11].

In Louisiana, atrazine was used on

more than 2 million acres of cropland [1.12].

Of great

ecological concern is the report that approximately

1%

of

atrazine applied was reported to be lost by non-point
sources [1.13].

A 1988

Environmental Protection Agency

(EPA) report stated that atrazine is one of the compounds
most frequently found in groundwater [1.14].

The presence

of triazines in water can result in bioaccumulation by
fishes and may result in unwanted residues [1.15, 1.16].
Currently, the triazines, atrazine, simazine, and cyanazine
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Figure 1.1. Molecular structures of triazines.
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are under Special Review by the (EPA) as potential
carcinogens [1.17,1.18,1.19] .Half-lives of triazines in
soil can range from days to years depending on pH,
temperature, and organic and moisture content [1 .8 ,1 .6 ].
Simazine may persist up to three years in soil under
aquatic field conditions [1.6] .

With their widespread

usage and persistence in soil and sediment, triazines may
prove ubiquitous in the environment.

Therefore, an

analytical method for their analysis with fishes as
sentinels of the environment and as sources of
contamination of aquatic-related foods seemed reasonable.
Such a method of analysis was developed and is
reported here for triazine extraction and analysis based on
(MSPD).

This technique uses abrasives to homogenize a

small amount of sample and lipophilic material
octadecylsilane (ODS) to disrupt cell membranes. The tissue
is dispersed to a solid support which allows the efficient
extraction of pesticides into the eluting solvent [1 .2 0 ].
Generally only

8

mL of solvent is needed.

Thus, the

solvent's strength can be modified to elute pesticides of
varying polarity from the matrix [1 .2 1 ] .
The advantages to this technique is that it is
environmentally friendly, since it uses small sample sizes
and small solvent volumes.

Currently approved methods use
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large volumes of solvent that may prove more polluting than
the pesticide one is analyzing itself.

This method is also

advantageous since it is rapid, and extraction time is
approximately 40 minutes versus several days by more
conventional methods [1.5].

Swift analysis of pesticide

residues from dead fish and assessment of site
contamination to contain pesticide could aid in
remediation.

This method coupled with an enzyme-linked

immunosorbent assay (ELISA) for detection could provide
quick on-site screening for triazine environmental
contamination.

This method is generic [1.22] and allows

for the extraction of the wide variety of pesticide classes
used throughout Louisiana [1.23], by modifying the solvent
strength.

Proven detection capabilities are in the ppb

range with this process [1.20, 1.24].
Indeed, many of the pesticides detected in fish kills
may be detected in the ppb range or less. For the
pesticides analyzed in the fish species brought to the
Aquatic Diagnostic Laboratory, the majority of fish had
pesticide residues that were below the LC50 range.

The LC50

is the concentration of a chemical that will kill 50% of
the fishes in a sample over a prescribed time period.

The

majority of the fish kills occurred in warm weather when
temperatures in the southeastern United States are
typically high and dissolved oxygen (DO) levels are low.
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Because many pesticides are present only at low levels
(below the LC50), it is hypothesized that these and other
environmental factors are possibly acting synergistically
with pesticides to kill fishes, and that the dosage
necessary to kill fishes is lowered under these unfavorable
conditions.

Typicially consideration of water quality

conditions is not routinely reported with the LC50 of such
compounds.

This may result in a false report of the impact

of potentially harmful compounds on aquatic habitats that
experience seasonal elevated temperature and low DO levels.
Thus, a primary objective of the research was to
develop a method to extract various members of the triazine
family from fortified and incurred tissue residues of
atrazine and other triazines in channel catfish.

High

Pressure Liquid Chromatography (HPLC) and diode array
detection (DAD) were proposed to separate, identify, and
quantitate, residues of atrazine, cyanazine, metribuzin,
and simazine.

A commercial ELISA test was also used to

provide a more rapid screening and detection of triazines
in fish muscle tissue extracts.
The second objective of my research was to assess the
role of the environmental variables of dissolved oxygen and
temperature in the toxicity of atrazine to channel catfish.
The intent of this work was to assess whether these
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environmental factors act synergistically with pesticides
to kill fish, to what degree, and by what mechanism.
The following chapters offer a review of the
literature concerning the factors affecting pesticide
lethality to aquatic organisms and methods for the analysis
of pesticides in tissues of aquatic species.

Results of

method development research with triazines as model
pesticides for the monitoring of fish kills is also
presented.

The technique developed here could be useful

not only for monitoring fishes as bioindicators of
pollution, but also useful for governmental agencies that
monitor aquatic species use for human consumption.
The toxicological data indicate increased toxicity of
atrazine under hypoxia or elevated temperatures.

At

atrazine concentrations slightly less than the LC50 and
under hypoxia (25 torr 23°C) there was a decrease in the
time to death in these fish.

However, tissue levels in

atrazine exposed fish were similar under hypoxia and
normoxia because atrazine equilibration is rapid.

Under

hypoxia detoxification by glutathione was impaired by
atrazine and metabolites bound to proteins that results in
tissue damage.

At elevated temperatures (26°C) to which

the catfish were not acclimated and at 11 ppm of atrazine,
there was an increased number of deaths in fish than in
those exposed to atrazine at ambient temperature.

Tissue
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levels in the atrazine exposed fish at 21°C and 26°C
similar in the muscle but different in the liver.

were

The fish

in the 21°C water had a temperature mediated change in
enzyme kinetics and metabolized atrazine more rapidly
through an increased affinity of glutathione S transferase
for atrazine resulting in lower liver concentrations.
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CHAPTER 2
REVIEW OF THE LITERATURE
INTRODUCTION
The aquaculture industry is growing rapidly both
around the world and in the southeastern United States.
For example, about fourteen thousand acres of ponds are
used for fish production in Louisiana. In addition,
Louisiana has many aquatic systems that provide significant
commercial and recreational harvests [2.1].

Many of these

habitats are adjacent to farmland committed to production
of corn, sugarcane, and soybeans.

It is often unavoidable

that when these crops are sprayed with pesticides that the
adjacent groundwater and surface waters are contaminated.
These pesticides may have adverse effects on fishes and can
result in death, reduced growth rates, deformities, or
altered reproductive rates [2.2].

Given the level of

recreational fishing in Louisiana the contamination of
seafood for human consumption is also likely.
Pesticides most commonly enter a body of water by
runoff from an adjacent field.

Other routes include direct

spray, airborne drift, intentional dumping, improper
mixing, and contaminated groundwater. In Louisiana,
pesticides are transported from farmlands into water bodies
primarily by soil erosion [2.3].

Once contamination of a

12
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water site occurs, pesticides become rapidly distributed in
the aquatic ecosystem through the action of wind and water
currents [2.4].

In the water, pesticides may act alone or

be but one of many individual or interacting biological,
physical, or other chemical factors that can kill aquatic
organisms. Thus, it is not a simple matter to determine the
cause of such fish kills, which may be further complicated
by environmental factors such as elevated temperature and
low dissolved oxygen or by infectious causes such as
bacteria and parasites.

Since the danger of pesticide

contamination is high, and many other factors can act
individually or in combination to produce such kills, a
clear protocol needs to be established to provide an
emergency response to fish kills and to resolve issues
regarding its cause.
In this regard, a review of factors that contribute to
the toxicity of pesticides in the fish, affect the
pesticide distribution in the aquatic environment, and the
detection of pesticides in fish in general are presented
here.

Steps for prevention of both natural and pesticide-

induced fish kills and remediation of a pesticide
contamination in aquatic ecosystems are also considered.

PESTICIDES AND FACTORS THAT CONTRIBUTE TO A LETHAL
ENVIRONMENT FOR FISH
The parameter, "lethal concentration fifty" (LC50)
describes the concentration of a chemical that will kill,

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

14

on average, fifty percent of the fish of a certain species
within a prescribed period of time.

This number is

calculated from experiments performed under ideal
laboratory circumstances.

However, it does not account for

the numerous abiotic and biotic factors that influence the
fate and toxicity of a pesticide in an aquatic ecosystem.
Abiotic factors— hypoxia, salinity, temperature, pH, the
presence of other chemicals, and nitrogenous factors— and
biotic factors— sex, size, species variations, and the
immune status of fish affect toxicity in major ways[2.5],
ABIOTIC FACTORS
Abiotic factors are inanimate factors that could
influence the chemistry of a pesticide or the environmental
status of the fish in such a way as to influence the
overall toxicity of the exposure environment:
HYPOXIA
Several conditions can induce low dissolved oxygen
levels in water: These conditions include high water
temperature (that makes oxygen less soluble in water),
respiratory requirements of large quantities of plants and
animals, winds and rains disrupting thermal stratification
in lakes, and large biological oxygen demand (BOD) as
occurs with the decomposition of organic plant and animal
material as well as discharge from industrial complexes.
Oxygen depletion can also occur with chemicals such as
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herbicides that decrease photosynthesis of aquatic plants
and phytotoxic substances such as potassium permanganate
and formalin used to control diseases [2.6, 2.7].

There

are diel fluctuations in oxygen levels; they are lowest in
the morning at sunrise and highest in the late evening.
Aquatic plants and animals use oxygen for respiration
during the night, and plants produce oxygen through
photosynthesis during the day [2.7, 2.8].

Requirements for

dissolved oxygen levels vary by species due to
physiological and behavioral differences.

For example,

active fishes such as tuna (Thunnus) have higher dissolved
oxygen requirements than more sedentary fish such as
striped bass (Morone saxatilis) [2.9].

The minimal

concentration of oxygen for survival within a given species
varies with acclimation periods and duration of exposure.
However, it has been noted that fish that survive low
dissolved oxygen episodes can become more susceptible to
infectious diseases [2.8] .
In addition, xenobiotics have been reported to be more
toxic to fishes under hypoxic situations.

In experiments

studying the toxicity of zinc in bluegill [2.10], H2S in
goldfish

(Carassius auratus)

[2.11], and phenol in

Campostoma [2.12], all three chemicals showed increased
time to death when the oxygen concentration of water was
lowered.
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Fishes that are not well acclimated to hypoxia respond
by increasing their ventilation, thereby increasing the gas
exchange surface of the gills [2.13, 2.14].

In a hypoxic

environment contaminated with pesticides, it would be
expected that there could also be a more rapid uptake of
the toxicant because of this higher ventilation rate [2.15,
2.16] .
SALINITY
Salinity is a measure of the total concentration of
all dissolved ions in water expressed in parts per thousand
(ppt).

Salinity can vary from 1-26 ppt in an estuary.

This is an important consideration for fish kills in
southern Louisiana since there are over two million acres
of intermediate and brackish marshes in this State [2.3].
Different salinities can cause variations in toxin uptake
because of osmoregulatory differences among estuarine
fishes.

Although fish function more efficiently at a

narrow range of salinity estuarine fishes can adapt to
fluctuations in salinity.

For example, the spotted sea

trout (Cynoscion nebulosus) has maximal metabolic
efficiency at 20 ppt although it can live in a wide range
of salinities.

These fish have the metabolism to cope with

the salinity fluctuations of their surroundings.

At

salinities lower than that to which these are acclimated,
water and bioavailable xenobiotics will passively diffuse
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into their system [2.18] .

In addition, salinity strengths

can affect the chemistry of pesticides [2.17],

For

example, at lower salinities (<5 ppt) the more toxic
arsenite (3+) is more common than arsenate (5") [2.19].
In a study by Fulton and Scott, low salinity (5 ppt)
appeared to be protective of Fundulus heteroclitus since
the

LC50

of acephate (an organophosphate insecticide) was

higher at 5 ppt than at 20 ppt [2.20].

Since acephate is

highly water soluble, its primary site of action is at the
gills where osmoregulation occurs.

Since the osmotic

pressure of water increases with increasing salinity,
osmoregulatory enzyme activity is higher in fishes at the
extremes of salinity (lower and higher salinity).

The

interaction of acephate with elevated enzyme activity is
hypothesized to decrease toxicity at lower salinity.

In

the three-spine stickleback (Gasterostaus aculeatus), there
was increased toxicity with individual exposure to
azinphos-methyl, coumaphos, toxaphene, aldrin, dieldrin,
DDT, methoxychlor, and malathion at 25 ppt than at 5 ppt
salinity.

However, lindane, chlordane, and endrin were

more toxic at the lower salinity (5 ppt) in the stickleback
than at 25 ppt.

Different salinity strengths had no effect

on the toxicity of hepatochlor in the stickleback [2.20]
nor to F. hereoclitus in an acute toxicity test of
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endosulfan or fenoxycarb [2.17].

The exact mechanisms of

these actions remain unexplained.
TEMPERATURE
With the exception of endotherms, all vertebrate
members of the classes Agnatha, Chondrichthyes, and
Osteichthyes are ectotherms.

These fishes regulate their

body temperature according to the water temperature [2.21] .
For the purposes of this discussion only ectotherms will be
considered.

Each species of fish has an optimum

temperature range. Temperature fluctuations outside this
range can affect metabolism, biochemical reactions, and
immunity. [2.22, 2.23].

For example, catfish are more

susceptible to infectious diseases such as enteric
septicemia caused by Edwardsiella ictaluri which occurs
during the fall when water temperatures are cool.
However, catfish can tolerate a wide range of temperatures
outside the optimum range through acclimations [2.23].
Temperature changes affect enzymatic reactions within
the aquatic animal.

A decrease in temperature over an

organism's physiological range will be accompanied by an
increased enzyme-substrate affinity.

For example, a 10°C

decrease in water temperature in the case of Alaskan king
crab,

(Parlithodes camtschatica) served as a positive

modulator for phosphofructokinase [2.24].

However,

decreases in temperature toward the lower limits of the
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physiological range can cause enzymes from warm acclimated
fishes to be inefficient and inactive.

This decrease in

temperature results in an increase of the Michaelis-Menten
(Kin) constant.

(The Kin is proportional to the affinity an

enzyme has for its substrate so an increase in Km will
yield a decrease in substrate-affinity) . Another
adaptation fishes have for coping with temperature changes
is through the synthesis of isozymes.

For example, muscle

pyruvate kinase from warm acclimated trout (10-18°C) shows
a minimal Km at 15°C.

However, with cold acclimation, a

new muscle isozyme is synthesized which shows minimal Km at
approximately 7°c [2.25].
Metabolism can increase in ectothermic fishes with
water temperature elevations.

The rate of metabolism in

aquatic animals increases approximately two-fold with each
10°C increase in temperature, and there will be increased
oxygen demand and ventilation [2.8, 2.25, 2.26].

Thus, the

organism may be exposed to a greater amount of the toxicant
because increased ventilation rates causes increased rates
of water and contaminant movement across the gills.

In a

study with bluegill sunfish (Lepomls macrochirus) exposed
to benzo(a)pyrene (BaP), fish acclimated to 23°C exhibited
higher rates of uptake and elimination of BaP than fishes
acclimated to 13°C.

These faster rates were attributed to
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increased metabolism by the organism.

There was increased

elimination because of increased activity of detoxification
enzymes [2.27] .
Due to its semi-tropical climate, the influence of
temperature is a most important consideration in southern
Louisiana, especially during the warm summer months.

It is

possible that the effect of elevated temperature could make
some pesticides more toxic to fish.

pH
The pH of the water may affect both the aquatic
organism and/or the ability of a chemical to exert its
effect.

Fluctuations in pH can be caused by natural and

man-made events [2.8, 2.28]. In nature, diurnal changes in
water carbon dioxide concentrations cause the pH to
undulate.
During the day, photosynthesizing plants remove C02
from the water, and bicarbonate ions dissociate to replace
lost C02 as illustrated by the equation
2 HC03"

C02 + C03'2 + H20.

As more C02 is lost, more C03“2 forms, which hydrolyzes
in water according to the following equation:
C03"2 + H20

HC03" + OH".

This replaces one of two bicarbonate ions dissociated
and produces OH" thereby increasing the pH.

Calcium ions

present in the pond water will associate with alkaline ions
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with the precipitation of CaC03.

This reaction acts as a

buffering system by limiting the amount of carbonate
(HC03~) and hence the pH fluctuation associated with plant
photosynthesis [2.7 ,2.8].
pH values between 6.5-9 at daybreak are considered
best for fish production.

Growth and reproduction diminish

at pH below 6 and above 9 [2.8] .

During times of rapid

photosynthesis such as in toxic algal blooms, the pH can
rise to levels of between 9.5 and 11 [2.8,2.29].
At night, C02 production caused by respiration of the
pond community will decrease the pH since C02 in water will
act as an acid;
C02 + H20

HC03' + IT.

Persistently acidic water can be created by
anthropomorphic activities such as coal mining or in lakes
contaminated by acid deposition from the atmosphere ("acid
rain").

Soils in areas where coal is mined can contain

high levels of sulfide deposits.

In the hypolimnion, or

lower half of a lake, anaerobic bacteria can metabolize
sulfate and other oxidized compounds and produce sulfide.
Thus,
S042- + organic matter

<-»

S2~2 + H20 + C02

With a decrease in pH, the level of H2S will increase.
This is lethal to fishes at less than 1 ppm.
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H2S <-» HS~ +H*
HS~ <-> S2“ + H+ [2.7]
This poses two major problems for fish. With
increasing hydrogen ion concentration in the water, the pH
decreases thereby decreasing both the affinity and capacity
of hemoglobin for oxygen at the gill epithelium (Bohr and
Root Effect)

[2.30].

Fish can increase their production of

hemoglobin to compensate.

Secondly, fishes have a

difficult time surviving in highly acidic waters due to the
osmotic problems they encounter in maintaining their acidbase balance.

Due to the high water hydrogen ion

concentration, IT excretion from the body will be
inhibited.

Since IT excretion is necessary for Na+ uptake,

the sodium uptake is inhibited, and death is attributed to
a decrease in plasma NaCl [2.18 ,2.28],
The pH of the water may also be seen to affect the
ionization level of any exogenous chemical added to it.
For chemicals with a low pKa, at environmental pH,
undissociated molecules may be more toxic since they
penetrate membranes more easily [2.5, 2.31]. For example,
the herbicide 2,4-dichlorophenol was found to be less toxic
at high pH to fathead minnow (Pimephales promelas) because
there is a larger portion of the ionized form at elevated
pH [2.32].

In another experiment, as the pH changed from 4

to 8, pentachlorophenol (PCP) became more ionized and less
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toxic.

This change was attributable to ionization of PCP

with increased pH .

However, ammonia will exist in the

more toxic unionized form at alkaline pH [2.5,2.8],

In

general, ionized species are less lipophilic and less
likely to bioaccumulate [2.5, 2.8, 2.31, 2.33].
COMBINATION WITH OTHER CHEMICALS
The combination of pesticides and other chemicals in
an aquatic system can be synergistic, antagonistic, or have
no effect at all [2.34]. For example, synergism was the
illustrated effect of the biocide pentachlorophenol in an
aquatic system in the presence of the herbicide simazine.
Simazine killed the pond algae and subsequently increased
the bioavailability of pentachlorophenol to the
experimental fishes, resulting in death [2.34] .

The

alteration of the metabolic activity of this aquatic
ecosystem allowed for more toxin to become available to the
fish.
No effect was demonstrated in a study in which
atrazine (an herbicide) and esfenvalerate (an insecticide)
were simultaneously applied in mesocosms.

While atrazine

altered the algae species composition, the total biomass of
algae was not changed and no increase in toxicity to the
fish and zooplankton was noted following addition of
several concentrations of esfenvalerate [2.35].

The total

system metabolism remained unchanged and the
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bioavailability of esfenvalerate was the same with and
without atrazine.
Reports of antagonism of pesticide combinations are
rare in aquatic organisms. However, a study with
industrial effluents showed that toxic levels of zinc and
cyanide were less toxic to fathead minnows when they were
combined in an aquatic system.

Complexation between zinc

and cyanide occurred, making these two chemicals less
available to produce an effect on the fish [2.36]. Future
studies to determine antagonistic combinations of
pesticides could be propitious to aquatic life since fish
are often exposed to more than one pesticide as a result of
agricultural runoffs. Predictable results on pesticide
interactions would be useful in the interpretation of the
etiology of fish kills.
NITROGENOUS FACTOR
The cycling of nitrogen in aquatic systems is
important because two nitrogenous compounds, ammonia (NH3)
and nitrite (N02~) , are toxic to fish at low
concentrations.

The principal source of nitrogen in

aquaculture ponds is the protein in feed [2.7, 2.8]
Additionally, ponds and waterways near agricultural land
can receive runoffs containing high levels of nitrogen in
fertilizers [2.29]
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In water, ammonia occurs in 2 forms:

NH3 and NH4*.

Nitrogen released to the environment from fishes is
released as un-ionized ammonia (NH3) .

In water this will

equilibrate with the ionized form (NH4+) according to the
following equation
NH3 + H20

NH4+ + OH'.

NH3 will predominate during the day when the pH is
elevated.

Unionized ammonia can volatilize from

especially during warmer months.

the water

Ammonium ions (NH/) can

be oxidized to nitrite (NO2") then nitrate (N03") by
Nltrosomonas and Nitrobacter, respectively.

The cycling of

nitrogen in an aquatic ecosystem is shown in Fig 2.1.
Phytoplankton (comprised of small plants, small animals and
bacteria) can assimilate NH3 and thereby decrease water
concentrations of this material.
NH3 is toxic to fishes.

Normally NH3 passively

diffuses through the gills into the external environment
when environmental NH3 levels are low.

NH4+ waste can be

exchanged for environmental NaT at the gills during
osmoregulation.

In static ponds high in stocking density,

NH3 water levels elevate, NH3 cannot be unloaded at the
gill, and blood NH3 levels rise.

This situation occurs

more commonly during the fall and winter due to elevated
breakdown products of protein foodstuffs (from high feeding
levels in the summer) and slower growth of phytoplankton

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

26

FEED
PROTEIN

I

VOLATILIZA TION

FISH

FECES
M INERALIZATION
N ITR IFICA TIO N

ASSIMILATION
M INERALIZATION
PLA NT PRO TEIN ^

FIX A TIO N
D EN ITRIFICA TIO N

VOLATILIZATION

N2

Figure 2.1. The nitrogen cycle in an aquatic ecosystem.
Source: Channel Catfish Culture. C. Tucker (Ed),
Elsevier, New York: 186.
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(with subsequent decreased assimilation of NH3 by
phytoplankton).
In an attempt to lower NH3 blood levels, freshwater
fishes can increase urine output and can exchange NH4* for
Na+.

Some species of fish also have enzymes capable of

producing urea via the ornithine urea cycle [2.8, 2.37].
NH4* is oxidized in a pond to nitrite by Nitrosomonas
(Fig 2-i; .

Nitrite is actively transported in cells and

high levels of nitrite can cause oxidation of the heme iron
in hemoglobin (Hb) from ferrous to ferric state leading to
methemoglobin formation.

Methemoglobin cannot carry oxygen

and death results from asphyxiation.

Some species of fish

have the enzymes to reduce methemoglobin back to Hb through
the methemoglobin reductase system.
for nitrite toxicity

Specific LC50 levels

are hard to ascertain since several

environmental factors influence its toxicity, including pH
and DO [2.13] .
BIOTIC FACTORS
Biotic factors, which are biological characteristics
of fishes and other aquatic organisms, also influence the
impact a pesticide and various environmental factors will
have in aquatic systems [2.31].
SIZE DIFFERENCES
In general, small fishes of a given species are less
tolerant to toxins and will die sooner when exposed to
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lethal concentrations than larger fish of the same species.
For example, toxicity of permetrin in rainbow trout
(Oncorhynchus mykiss) and toxicity of the organophosphorus
insecticide phosphasmidon in Gambusia affinis was more
toxic for smaller fish than larger fish of a given species
[2.38, 2.39].

It is hypothesized that this effect occurs

because smaller individuals have increased respiration
rates, have increased body surface area to volume and
therefore reach their lethal body residue much sooner [2.5,
2.20, 2.31, 2.40],

The effect of dichlorvous on Tilapia

mossambica illustrated that the toxic response of
respiratory inhibition was size dependent; small fish
showed a greater inhibition after 15 days of exposure, but
they recovered more rapidly when returned to uncontaminated
water.

These observations suggest a faster uptake and rate

of detoxification of the insecticide in smaller fish which
fits with their faster rate of metabolism [2.39].
SEX DIFFERENCES
In mammals, sex-related differences have been reported
to be involved in the metabolism of xenobiotics.

For

example, in studies with rats, parathion has been shown to
be twice as toxic in females.

However, male rats were more

sensitive than females to methylparathion.

Differences in

metabolism resulted in these chemicals being transformed
into more or less toxic products [2.31].

In rats,
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testosterone is believed to be the major effector in this
difference.

Although limited reports are available, sex-

related differences in susceptibility to toxicants probably
occur in fishes as a result of differences in metabolism
[2.20].

However estradiol is hypothesized to be the

effector for this difference in fishes [2.41]

Researchers

have found sex related differences in the hepatic
microsomal P-450 content of sexually mature teleosts with
the male of each species having more microsomal enzyme
content [2.38, 2.42].

Stegman showed that microsomal P-450

in liver of juvenile brook trout was decreased by estradiol
173 [2.41]

In a study of Fundulus heroclitus, the male was

found to be slightly more sensitive to the toxicity of
azinphosmethyl and acephate, and this effect was*
attributable to biotransformation.

The 96 hr LC50 for the

males was significantly lower than for the females for each
chemical [2.20],
SPECIES VARIATION
Among the differences in species is the variation in
pesticide biotransformation.

Biotransformation consists of

two phases: Phase I— the oxidative step in which the
compound becomes polar and Phase II— the conjugation step
in which most compounds becomes highly hydophilic to
promote excretion from the body [2.43].

Since different

quantities of biotransformation enzymes exist among species
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of fish, there is a wide variation in metabolism.
Different metabolic rates occurred in the acute toxicity of
endosulfan to zebra fish (Brachydanlo zezio) and yellow
tetra (Hyphessobrycon bifasclatus) ; the LC50 values were
2.6 ug/L for the yellow tetra and 1.6 ug/L for the zebra,
[2.44].

The LC50 of atrazine ranges from 4.5 mg/L for

rainbow trout to 76 mg/L for carp [2.41],

Hence, LC50

values cannot be extrapolated from one fish species to
another.

Research on biotransformation reveals that

different metabolism patterns leads to varying routes and
rates of excretion.

This factor makes it more difficult to

make a safety assessment on the level of the LC50 for
pesticides for the wide variety of fish species in rivers
and streams.
HEALTH STATUS
The health status of fishes can affect the outcome of
pesticide exposure and the impact of significant
environmental changes.

Weakened fishes that are carrying a

significant burden of parasites, harboring a subclinical
bacterial infection, or already weakened by malnutrition
are more susceptible to the toxic effects of xenobiotics
[2.29].

In a study comparing the effects of NaCl to normal

and parasitized goldfish, the 96 hour LC50 of NaCl was
significantly less for the infected versus the healthy fish
[2.45].

Similarly, nutritionally healthy fishes are more
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resistant to toxic effects of pesticides.

In a study by

Mayer, fishes on diets with adequate vitamin C were able to
better counteract the toxic effects of toxaphene than those
deficient in vitamin C. [2.46].
The toxic effects on the immune system caused by
pollutants may involve a direct effect on the immune cells
and/or organs or an indirect effect due to stress causing
increased release of cortisol.

An elevated cortisol level

will yield a decreased resistance to disease, decreased
inflammatory response, decreased interferon production, and
impaired osmoregulation, all of which will make fishes more
susceptible to increased toxicity from further pesticide
exposure [2.47].

FACTORS AFFECTING THE DISTRIBUTION OF PESTICIDES
IN THE AQUATIC ENVIRONMENT
Pesticides, such as the triazines, most frequently
enter a body of water by runoff from an adjacent field.
This is common with agrochemicals that have high mobility
in soil and can be washed off by rain.

One percent of

applied triazines are lost by runoff, while 0.038% leach
from fields into groundwater [2.48] .

The subsequent

behavior of the pesticide in the aquatic environment is
dependent upon its chemical properties and its interaction
with other environmental factors.
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CHEMICAL FACTORS
Chemical factors are inherent properties of the
pesticide that can determine the effect of pesticides on
the environment.

The chemical properties most important in

aquatic toxicology are water solubility, octanol-water
partitioning [2.49], and air-water partitioning [2.50].

In

addition, hydrolysis and photolysis are chemical reactions
that affect degradation to more or less toxic substances.
WATER SOLUBILITY
Water solubility (S) is the tendency for a chemical to
go into aqueous solution and disperse throughout the body
of water, seeking to attain equilibrium.

Chemicals with

ionizable functional groups (e.g., carboxyl, hydroxyl, and
amine groups) are more water soluble. Water solubility is
an inherent quality of a chemical, but is also affected by
several limnological characteristics such as temperature,
pH, salinity, turbidity, and the presence of other
chemicals in the water. These effects on water solubility
are site specific, but can be predicted through various
models [2.51].
Highly water-soluble pesticides are less persistent in
the aquatic environment, and are most likely to biodegrade.
They are not likely to partition to the soil or sediment,
volatilize, or necessarily bioconcentrate in aquatic
organisms. Examples of highly water soluble pesticides are
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dimethoate and 2,4-D which have a water solubility (S) of
2500 and 890 ppm at 25°C, respectively [2.4],
Atrazine, a triazine, is intermediate in its water
solubility (S = 30 ppm, 20°C).

Therefore, atrazine has a

high to medium mobility in soils and can easily contaminate
surface and groundwater.

In addition, atrazine biodegrades

slowly and is detectable in surface waters for a long
period of time after application [2.52 2.53].

Information

from STORNET database indicates that atrazine has been
found in 4,123 of 10,942 (37%)surface water samples and in
343 of 3208 (10.7%) ground water samples taken throughout
the U.S.[2.54] .
OCTANOL-WATER PARTITIONING COEFFICIENT
The octanol-water partitioning coefficient

(Kow)

is

the ratio of a chemical's solubility in n-octanol and water
at a steady state. Pesticides partition between water and
the organic phase of sediment in aquatic environments in
much the same way as a solute partitions between water and
n-octanol [2.55]. Most organic pesticides have a high

Kow

and therefore have low water solubility and are more
persistent in the environment.

Binding of a pesticide or

sorption is strong to soils and sediments with a high
organic content.

Pesticides with a high

bioaccumulate in aquatic organisms.

Kow

tend to

DDT is an example of a

highly lipophilic pesticide, which has a log

Kow

of 4.89-
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6.91 [2.56], This chemical has been banned from
agricultural use in the U.S. for over 20 years, but its
environmental persistence is an important reason why it can
still be found in aquatic ecosystems [2.57, 2.58].
AIR-WATER PARTITIONING COEFFICIENT
Air to water partitioning, also known as Henry's Law
Constant (H), describes the volatilization of a chemical
from water to air under controlled laboratory conditions.
Henry's Law Constant can be estimated from the ratio of a
chemical's vapor pressure (P) to its water solubility (S)
(H = P/S) .
Pesticides with a high vapor pressure and low water
solubility tend to partition from water to air.
Chemicals with high vapor pressures may volatilize
with a half life of a few hours, thus eliminating their
risk as contaminants of surface water.

Volatilization

rates are influenced by environmental factors such as
temperature, water current, and air speed.

Once released

into the atmosphere, pollutants are subject to various
physical or chemical processes that determine their
ultimate fate.

Highly water-soluble chemicals are

generally not volatilized from an aquatic environment
[2.59, 2.60].
Atrazine has low vapor pressure (2.89 x 10-7mm at 25°
C) and low Henry's Law Constant (2.48 x 10-9 atm-m3/mol at
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20° C) [2.56, 2.61].

Although this indicates non

volatility for this chemical, an experimental study on the
persistence of atrazine indicated the volatilization loss
represented approximately 15% of the amount sprayed [2.62].
HYDROLYSIS
Hydrolysis is a reaction of a chemical with water to
yield a degradation product typically incorporating a
hydroxyl group or addition of water to the molecule.

This

reaction is important for a number of chemicals that have
functional groups that are potentially hydrolyzable at
environmental pH (e.g., alkyl halides).

Experimentally,

hydrolysis reactions can proceed much quicker at pH
extremes but these are not seen in environmental settings
[2.59, 2.63].

For example, atrazine will hydrolyze rapidly

at a pH of less than 5 or greater than 9, but is resistant
to hydrolysis at neutral pH (7) (half-life (ti/2) = 10,000
days)

[2.61, 2.63].
In the Rhine River accident of 1986, more than 20

different pesticides contaminated the area.

One of the

pesticides, dichlorvos, rapidly degraded as a contaminant
from the river because of its hydrolysis half-life (tx/2)
was 0.25 days at the Rhine's pH (7.4)

[2.49].

PHOTOLYSIS
Photolysis is a chemical reaction initiated directly
or indirectly by visible or UV light that results in the
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degradation of the contaminant molecule [2.59] .

Whether

the chemical's degradation occurs through direct or
indirect photolysis is determined from the chemical's
molecular structure.

If the chemical has double bonds

between carbon or nitrogen atoms (or other functional
groups), and absorbs light at visible or UV wavelengths, it
can undergo photolysis directly.

This form of degradation

occurs with such pesticides as parathion {t,/2 = 1 0 days) or
malathion (ti/2 = 15 hours)

[2.59, 2.63].

Non-absorbing

compounds undergo sensitized photolysis or indirect
photolysis.

Light absorbing molecules commonly found in

water (such as in plant pigments or humic acids) absorb
photons and subsequently transfer this energy to non
absorbing compounds. Indirect photolysis can also occur
when transient oxidants such as hydroxyl radicals or
singlet oxygen attack on pesticide molecules [2.63].
In an aqueous solution or surface soils, atrazine is
converted by direct photolysis to hydroxyatrazine in
natural sunlight.

Direct photolysis of atrazine occurring

only at soil and water surfaces is a slow process at
environmental pH.

Indirect photolysis occurs more quickly

than direct photolysis.

Experimentally, at the wavelength

of 290 nm, the photolysis half life Of a ten ppm aqueous
solution of atrazine at 15°C was 225 hours as compared to a
half life of 4.9 hours under identical conditions with
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acetone as a photosensitizer [2.56].

In the field,

indirect photolysis of atrazine to hydroxyatrazine in water
and soil surfaces occurs because of hydroxy-radicalgenerating photosysthesizers such as humic acids [2.53].
Controversy exists on the extent of indirect
photolysis in the environmental degradation of atrazine.
Photolysis due to the interaction of humic acids and
atrazine is believed to be significant [2.56, 2.64] in the
environmental photodegradation of this triazine.

However,

recent spectroscopic data indicates only a weak [2.64]
interaction between atrazine and humic acid, occurring only
at low pH.
Hydroxyatrazine is non-phytotoxic to plants or aquatic
photosynthetic microorganisms.

However, hydroxyatrazine is

more persistent in the environment than its parent compound
atrazine.

The overall impact of this compound in the

aquatic ecosystem has not been assessed to date [2.53].
For animals, hydroxyatrazine is more polar and more easily
excreted from their systems than the parent compound.
However, the LC50 of hydroxyatrazine in rats is similar to
atrazine (LC5o 3000 ppm 96 hr)

[2.53].

Table 2-1 lists some

of the chemical properties of triazines affecting their
distribution in the aquatic environment.
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Table 2.1. Chemical properties of triazines affecting distribution in the aquatic
environment.

TRIAZINE

OCTANOL WATER
PARTITIONING
COEFFICIENT

MOLECULAR
WEIGHT

WATER
SOLUBILITY
(20°C> ppm

Atrazine

215.68

30

2.75

3.03 x 10-9

Cyanazine

240.70

171

1.80

2.78 x 10"2

Metribuzin

214.28

1, 050

1.81-2.72

1.20 x 10-10

Prometon

241.37

48

3.34

4.90 x 10"9

Simazine

201.66

1.94-2.26

3.40 x 10-9

3.5-5

HENRY'S LAW CONSTANT <20°C)
atm-m3/mole

U)
00
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ENVIRONMENTAL FACTORS
Environmental factors also influence the distribution
and impact of pesticides in the aquatic environment [2.65,
2.66]. The environmental factors include: 1) the organic
content of the sediment and suspended particles, 2) water
factors, and 3) bioaccumlation processes.
SEDIMENT AND SUSPENDED PARTICULATES
The organic content of sediment and suspended
particulate is critical to the degree of pesticide
partitioning in the aquatic contaminant [2.67, 2.68].
Sediment composition can vary from pure mineral (as in
sand) to pure organic material as in loam [2.51],

Sediment

types in rivers and lakes vary with geographic locations
but estuaries tend to be high in loam [2.63].

Suspended

particulates are highly organic and are comprised of
colloidal material, phytoplankton, and microorganisms.
Hydrophobic pesticides will bind to sediments and
particulates high in organic material in an equilibrium
process [2.51].
In partitioning experiments performed with aqueous
atrazine, the binding characteristics of clay loam sediment
with high organic contents was compared to fine sand.

The

binding was measured as sorption constants that expressed
the concentration as a ratio of atrazine in sediment to
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atrazine in water.

The sorption constant for clay loam was

much higher than the sand indicating a higher partitioning
to the organic phase [2.68],
WATER QUALITY FACTORS
Water quality may affect the behavior of a pesticide
including: water movement, salinity, dissolved oxygen,
temp erature, and p H .
Water Movement
The movement of water creates turbulence and mixing
which leads to an increased dispersion and dilution of
pollutants [2.48]. Pesticides entering from a point source
such as a discharge from a plant will have less of an
environmental impact in rapidly moving waters than in still
waters. As a result, in an open body of water such as a
river, highly soluble chemicals are transported to the sea,
thereby eliminating them from the river's ecosystem [2.63].
In the pesticide spill into the Rhine River in 1986, 3
metric tons of pesticides were washed into the river.
Because of the hydraulics of the river's current, the
concentration of one of the water soluble pesticides,
disulfoton, was diminished within 12 days as the river
emptied the contaminant into the North Sea [2.49].
Water dispersion is different in diverse water
systems.

In rivers, currents are driven by gravity while

in lakes, they are driven by wind. Surface waters are well
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oxygenated in both bodies of water.

However, wind-driven

circulation and mixing is restricted to the upper layer in
lakes.

In addition, in both rivers and lakes, the sediment

at bottom depths inhibits water turbulence.

Therefore, due

to the quiescent effect of the sediment, there is less
oxygenation at bottom depths than at the surface. This
hypoxic setting in the lower half of lakes and sediment
bottoms of rivers will produce a different set of chemical
and biological transformations than those occurring in the
oxygenated surface [2.63].
The direction of water flow is an additional variable
in estuaries and will affect the concentration of
pollutants.

The flow is usually downstream, but is

controlled by whether the tide is rising or falling [2.63].
Salinity
Since the water in estuaries is a combination of fresh
and saltwater, salinity is an important factor in
determining the impact of a chemical in the environment.
Depending on seasonal and temporal factors, salinity
content in an estuary can range from 1 to 26 parts per
thousand.

Since saltwater is more dense, there is vertical

stratification between the two layers i.e., the lighter
fresh water layer will remain above the salt water. As with
lakes, there is no mixing between the two layers [2.58].
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Salinity has an effect on the toxicity of the pesticide and
the physiology of osmoregulation [2.17] .
It has been suggested that the resistance of
euryhaline species to toxic conditions at isoosmotic
salinities is due to minimization of osmotic stress.

For

example, there is a decrease in osmotic stress in rainbow
trout {Oncorhynchus mykiss) as salinity increases towards
the isoosmotic point.

The reduction in stress occurs with

a decrease in the inward flow of water that would
presumably be accompanied by a decrease in the intake of
toxic ions [2.17],
Dissolved Oxygen
Fluctuating oxygen levels compound the impact of
pesticides in an aquatic system.

Lower dissolved oxygen

levels are seen with increasing water temperatures, in the
hypolimnion of lakes, in sediments, and in waters when
there is a large biological oxygen demand (BOD) [2.5, 2.6,
2.29, 2.63].

Biodegradable organic pollutants and decaying

matter are metabolized by aerobic bacteria.

Under well

oxygenated conditions, these bacteria are able to degrade
and ultimately mineralize organic wastes.

When there is an

overwhelming amount of pollutant, the bacteria consume
oxygen at an excessive rate, thus creating a large BOD.
the oxygen is depleted, anaerobic conditions ensue and
either pollutants become recalcitrant to degradation or
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less favorable oxidants must be used for biodegradation
[2.63],

Organisms stressed from exposure to pollutants

will be further stressed by low dissolved oxygen levels

[2 .8, 2 .11 ].
Temperature
The temperature of the water controls not only the
dissolved oxygen level, but also the behavior of chemicals
in aqueous solution.

Temperature may influence the

solubility, volatility, and chemical forms of pesticides.
For example, at 25°C the S of atrazine is 30 ppm and at
27°C it is 70 ppm [2.50].
Bioaccumlation and toxicity of chemicals are also
influenced by temperature, although with varying results.
Bioaccumlation of mercury in bluegill sunfish (Lepomis
macrochirus) was shown to double with a temperature
increase of 10°C [2.69], while the toxicity of DDT
decreased in striped mullet (Mugil cephalus L.) with an
increase in temperature [2.70].
m

The pH level affects physicochemical processes such as
hydrolysis, photolysis, evaporation from water, soil, or
sediment sorption, and bioconcentration [2.29, 2.71].
Undissociated molecules bioconcentrate and hence may be
more toxic since they penetrate cell membranes more easily.
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Experimentally, atrazine was completely hydrolyzed in
water at extreme pHs.

The hydrolysis half life of values

of atrazine in aqueous buffered systems at 25°C is shown in
Table 2.2 [2.71].

Hydrolyzed atrazine is more persistent

in the environment than its parent compound [2.53].
BI OACCUMULA.T ION
Bioaccumulation is a general term for the uptake of a
xenobiotic from the environment by 1) the diet of aquatic
organisms (biomagnification), 2) dermal absorption, or 3)
respiration (bioconcentration)

[2.72].

Interaction of a

chemical with aquatic organisms will further influence its
fate in the ecosystem. The main focus on bioaccumulation in
this paper will be on bioconcentration since this is the
primary uptake route of triazines by aquatic organisms.
Biomaqnification
Biomagnification may involve ingestion of chemicals in
live prey or sediments, depending on the feeding habits of
the aquatic organism. Biomagnification not only affects the
organism itself but may also lead to potential accumulation
of xenobiotics in the food chain. Dietary uptake is more
important in carnivorous and omnivorous fish that prey on
other organisms. Biomagnification by ingestion of sediment
is a less important route for pelagic fish than bottom
feeding (benthic) fish and other organisms [2.72, 2.73].
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Table 2. 2. Hydrolysis half lives (ti/2 ) of atrazine at
various pHs.
pH of aqueous solution

ti/2 of atrazine (days)

1

3.3

2

14.0

3

58.0

4

240.0

11

100.0

12

12.5

13

1.5
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Although biomagnification is a complex process, predictive
models have been developed [2.74],
Dermal absorption
Bioaccumulation by dermal uptake varies in aquatic
species because of variations in the dermis of different
species.

The dermis of sharks contains placoid scales

composed of vitrodentin, an enamel-like material that
resists dermal absorption, while channel catfish (Ictalurus
punctatus) have no scales and can be much more sensitive to
xenobiotics in the water [2.75].

Lobsters (Homarus

americanus) are protected by an exoskeleton derived from
the epidermis.

When the exoskeleton is molted, large

amounts of water (and any water-soluble pollutants) are
engulfed by the lobster tissues [2.76].

There is little

information on dermal absorption of xenobiotics by aquatic
organisms in the literature.
Bioconcentration
Bioconcentration is a form of bioaccumulation in which
the pesticide is accumulated directly from the water by the
gill.

Just as a pesticide equilibrates with sediment based

on its

Kow,

organism.

a pesticide can equilibrate within a living
The total amount of a chemical present in the

aquatic system may be represented by the equation,
Ctotal = Cs orbed + Cwater,
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where

Ctotai

aquatic

is the total amount of chemical present in an

system,

sediment and

Csorbed

Cwater

is the total amount sorbed to

is the amount of chemical that is free

in the water. Only the free portion

(Cwater)

is available

for uptake by organisms. A high concentration of free
chemical in the water will diffuse across a biological
membrane [2.72].

Generally, organisms with the highest

lipid content accumulate the greatest concentrations of
pesticide [2.77],

In a field, exposure of striped mullet

(Mugil cephalus) and bream (Acanthopagrus australes) to
chlorinated pesticides, bioaccumulation was higher in
mullet since they have a higher body fat content [2.78].
For a particular fish, the concentration of pesticides will
be highest in high-fat tissues.

In a study of DDT

accumulation in Redress fish (Moxostoma sp) sampled from
the Yamaska River, in Quebec, Canada, concentrations of DDT
and its derivatives were highest in abdominal fat,
intermediate in liver, kidney, and gonad, and lowest in
muscle [2.77].
Increased contact time between the gill and free
pesticide will intensify bioconcentration.

Extremely

hydrophobic pesticides may require a longer time for
equilibration with high-lipid tissue, since larger amounts
can be accumulated in these tissues.

In a study using

bivalves, uptake of pollutants via the gill was rapid,
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transfer to the circulatory system was slower, and
accumulation in lipid was slowest.

Long-term exposure

resulted in the accumulation of pesticides in lipid rich
tissue until equilibrium was reached [2.73].
For the mathematical calculation of bioconcentration,
the lipid content of tissues can be "normalized," so that
fat content is minimized as a variable in the partitioning
of pesticides. Once the lipid content of different
organisms is normalized, the relationship between the Kow
and the partition coefficient in water and organisms, for
non-metabolized chemicals, is linear [2.79].
Bioconcentration is a kinetic as well as an
equilibrium process because the exchange across
metabolically active membranes controls the partitioning.
Experimentally, accumulation in an aquatic organism has
often been described by a one compartment, first order
kinetics model.

Assumptions of the simple model include:

constant uptake, instantaneous mixing within the
compartment, and elimination rate is proportional to the
amount of chemical in the body [2.72, 2.73].

However,

under field conditions these assumptions are often not
valid.
There is often not a constant uptake rate for several
reasons. First, in hypoxic situations and in times of
metabolic demand, fishes can increase their ventilation
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volume, thereby increasing the amount of water and chemical
crossing the gill surface [2.13].

This can lead to an

increased uptake of pesticide in healthy gills [2.73].
Second, chemical intake may also be modified by schooling
patterns or avoiding contact with aquatic pollutants.
Third, the diffusion of a pesticide across the gill
membrane may be limited because of membrane permeability.
A thin membrane with a large surface area enhances
diffusion [2.80].

However, a variety of aquatic pollutants

can produce gross and histologic pathologies as well as
physiologic changes of the gill epithelium [2.81].
Neskovi'c et al. describe gill epithelial hyperplasia with
lamellae fusion, epithelial hypertrophy, lamellar
telangiectasia, and edema with epithelial separation from
basement membranes after exposure to atrazine [2.82].

Such

deformities reduce the gill respiratory function and
impairs solute uptake.
Another reason why a one compartment, first order
kinetics model may not hold true for aquatic organisms is
based on bio transformation or metabolism of the xenobiotic.
An aquatic organism in the field has several processes that
will affect the elimination rate of a pesticide.
Pesticides can be excreted unchanged, accumulated, or
bio transformed.

Compounds can be depurated when fishes

swim away from concentrated pesticide spills or when
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aquatic organisms are transferred to uncontaminated water
[2.43, 2.63].

The compound is excreted into the aquatic

system and becomes dilute.

However, hydrophobic pesticides

that are recalcitrant to metabolism tend to accumulate in
lipophilic tissues and are not readily eliminated [2.83].
Biotransformation may affect the concentration,
accumulation, and persistence of chemicals subject to
metabolism in fishes.

As a result of biotransformation,

many compounds are excreted as more polar metabolites. The
xenobiotic metabolizing enzymes of fishes are divided into
Phase I and Phase II reactions [2.82].

These reactions

alter the largest predicted xenobiotic concentration (based
on

Kow)

in fish.

For example, although DDT and 2-bis-(p-

methylthiophenyl)-1,1,1-trichloroethane (2-BMPTTCE) have
similar

Kows,

the bioaccumlation of DDT in Gambusia affinis

is 104 higher than 2-BMPTTCE.

Metabolism of 2-BMPTTCE

makes it more water soluble and it is eliminated from the
body [2.84].

Phase I increases the water-solubility of a

compound frequently by introducing a functional group such
as a carboxyl or hydroxy [2.8] .

Among Phase I enzymes, the

cytochrome P450 system (P-450) metabolizes the largest
number of xenobiotics.

The functional groups from Phase I

are often the site of Phase II biotransformation.

With the

exception of 2 reactions, Phase II further increases the
hydrophilicity and excretion of xenobiotics [2.43],
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Biotransformation of xenobiotics in fishes has many
similarities to mammalian biotransformation reactions. As
in mammals, there are interspecies differences.

This is

the basis for differential sensitivities of various aquatic
species to xenobiotics. For example, the LC50 of dieldrin
is 37 ug/L for goldfish and 4.5 ug/L for channel catfish
(Ictalurus punctatus)

[2.56].

Biotransformation is also

influenced by temperature, age, and sex. These factors have
been discussed previously.
Induction of biotransformation enzymes affects the
rate of xenobiotic transformation in mammals.

Induction is

also seen in fishes but it is not as extensive as in
mammals. For instance, phenobarbital induction, which is
seen in mammals, is believed not to exist in fishes [2.84].
Compared to mammals, fishes have a lower capacity to
metabolize xenobiotics because they can eliminate
xenobiotics unchanged across gills [2.43].

For example,

atrazine was reported to be excreted unmetabolized from the
gills of whitefish (Coregonus fera) even after long-term
exposure [2.85].
Metabolism of triazines in animals is P-450 mediated.
Phase I metabolism of triazines has been studied in many
species including rats [2.86], mice [2.87], goats [2.88,
2.89], sheep [2.89], pigs [2.90], rabbits [2.87], cattle
[2.88, 2.89], and chickens [2.87, 2.91] and principal
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metabolites were produced by dealkylation reactions.

There

are reports of dechlorination of atrazine in rat metabolism
studies [2.92] and in vitro studies of chicken liver
homogenates [2.91].

Phenobarbital was shown to induce

atrazine metabolism in all species studied.

There were no

sex related differences in these studies [2.87] .
Phase II products reported in animals are glutathione
conjugates of the parent compound and dealkylated products.
Mercapturic acids were formed from the triazine conjugates
in the kidney and excreted in the urine [2.87].

Principal

metabolic pathways for atrazine in rats and mice are shown
in Figure 2.2.
Gunkel reported no metabolism of atrazine in studies
with whitefish (.Coregonus fera)

[2.85] . Metabolism of

simazine in bluegill and bass show that residues analyzed
by gas chromatography are the parent compound and its
didealkylated metabolite [2.93].

DETECTION OF PESTICIDES IN FISHES
The agricultural use of herbicides and pesticides in
crop production has increased steadily over the past 30
years.

The use of these chemicals on agricultural crops

and their introduction into the environment has heightened
concern for their acute and chronic health effects on
animals and people [2.94].

The toxic insult from many of

these compounds could be so severe that large numbers of
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Figure 2.2. Principal pathways of Phase I and Phase II
metabolism of atrazine and its metabolites in rats
and mice.
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fish and other aquatic species could be killed, depleting
ponds, streams, or lakes of their fauna.
In this regard, the analysis of pesticide residues in
fishes can be an important aspect of monitoring for the
cause of such events and for environmental contamination in
general.
Since 1975, more than 70 pesticides have been detected
in groundwater sources in the United States [2.95].

The

intensive use of chlortriazines has led to the detection of
these particular herbicides in soils, surface water, and
groundwater [2.96].

In response to this fact, the

Environmental Protection Agency (EPA) has set human
tolerance limits for atrazine at 3 ppb in drinking water
[2.54] .

Since triazines can migrate from soil to crops and

from crops to animals, the Food Safety and Inspection
Service (FSIS) has set tolerance limits of 0.02 ppm for
atrazine and simazine levels in meat from cattle, sheep,
goats, swine, poultry and horses [2.97].
HISTORY OF RESIDUE ANALYSIS

Scientific concerns over the environmental impact of
pesticides began in 1945 when Ginsburg reported the
toxicity of DDT in fishes [2.98]. In 1945, the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) was
enacted to register pesticides for efficacy and consumer
protection before they could be sold interstate [2.99].
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However it was not until the publication of Rachael
Carson's Silent Spring- in 1962 [2.100] that public
awareness of the environmental problems associated with
pesticides led governmental agencies to introduce
legislation for environmental protection. The enactment of
the National Environmental Policy Act (NEPA) in 1969 and
the Environmental Quality Improvement Act in 1970 were
consequences of these initial environmental concerns.

The

EPA was subsequently created to regulate matters on water
and air pollution.

This agency made several amendments to

FIFRA. The fully amended act directed the EPA to determine
whether pesticides were hazardous to human health and the
environment, based upon data submitted by the manufacturer
[2 .101].

This legislation created demands for sophisticated
analytical techniques to detect pesticide contamination.
In 1959, Mills developed methods for analysis of
chlorinated pesticide residues in foods using paper
chromatography [2.102].

This analytical technique became

the foundation of the FDA monitoring program utilized for
detection of multiple pesticide residues.
In 1963, the Mills method was refined with the
application of gas chromatography and interfaced detectors
were developed.

This latter method became known as the

"MOG" method after its inventors Mills, Ontey, and Garther
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[2.103, 2.104],

As more sophisticated analytical equipment

became available in the late 1960s and 1970s, subsequent
collaborative studies using this method resulted in a
multiple residue method promulgated by the Association of
Official Analytical Chemists (AOAC) .

This became the basis

of most multi-residue methods that remain in use today.
In spite of revisions, these detection methods for
pesticides that were developed over 30 years ago still
adhere to many antiquated techniques.

They require a large

sample size, extensive sample preparation, massive volumes
of solvent, and a considerable amount of analyst time.

The

large volumes of solvent are in many cases more polluting
than the analyte of concern. This difficulty is especially
important when assaying a large number of samples as may be
seen in fish kills or hazardous wastes accidents that
contaminate large areas of an ecosystem.

In addition, most

of these detection methods were developed for mammalian
species and their performance for extraction of pesticides
in fishes and other aquatic species has not been
consistently demonstrated or validated.
Aquatic animals are a diverse group in terms of
feeding habits, body composition, and habitat use; all
these factors may affect bioaccumulation of pesticides
[2.105] and offer a variety of matrices from which such
compounds are to be isolated.

For example, the Sacramento
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squawfish (Ptychocheilus grandis) is carnivorous and has
the potential to biomagnify pesticides [2.37].

Oysters

(Crassostrea virginica) are filter feeders and can
bioaccumulate lipophilic chemicals from the aquatic
environment [2.106].

Striped mullet (Mugil cephalus) have

a high fat content and will more readily partition
chemicals with a high octanol-water partitioning
coefficient (Ko„) into their systems than leaner fishes
[2.74].

These differences may also be reflected in the

application of various methods of analysis.
PESTIC ID E ANALYSIS

The National Academy of Science has ranked chemically
contaminated seafood fourth in importance as a potential
human health hazard [2.107].

Thus, regulatory agencies

need to approve techniques for the analysis of pesticide
residues in aquatic species.

In addition, residue analysis

techniques for fishes must be capable of detecting new
pesticides, as well as those that are persistent.

For

example, DDT was banned in the United States in 1972, yet
its metabolites are still detected in fishes [2.57].
Residue analysis must also be able to detect a wide variety
of chemicals, since pesticides encompass several chemical
classes such as chlorinated hydrocarbons, amines, and
esters.

Further, an effective analytical method should

also be rapid so that remediation steps could be taken
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quickly in a fishkill and food fish could be analyzed
before going to market or consumed by local anglers.
Many compounds, for example the triazines, could serve
as a model for the development and application of such
analytical methods to pesticide monitoring for toxicity in
fishes.

These herbicides are potential contaminants of

surface- and groundwater and have high mobility through
soil.

Triazines decomposa very slowly and, due to their

world-wide use, have accumulated in the environment
[2.108].

Although atrazine and ametryne are both members

of the same triazine family, there is a large difference in
their polarity [2.109], and to be maximally efficient, a
method of analysis should be designed to detect each
compound.

Information concerning the analysis of triazines

in aquatic organisms is particularly relevant for
environmental hazard assessment.

Table 2-3 lists current

techniques for the determination of triazine pesticide
residues in animals and animal products. The three basic
techniques included are liquid-liquid partitioning, soxhlet
extraction, and blending.
In liquid-liquid partitioning, the sample is first
homogenized with a purified sand.

The homogenate and

solvent is added to a separatory funnel, which then
requires two or more repeated extractions for the recovery
of the pesticide [2.110].
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In soxhlet extraction, a tissue dehydrating agent such
as Na2S04 is added to the tissue prior to putting it in the
soxhlet apparatus.

This form of extraction involves

heating, boiling, and condensing of the solvent in a
chamber with the tissue, which allows intimate contact of
the solvent and the sample.

Soxhlet extraction requires

relatively fragile, expensive equipment and is a time
consuming method.

Typically, soxhlet extraction alone

requires 24-72 hours [2.125].
Blending extraction involves the homogenation of the
samples in an electric blender with simultaneous
incorporation of large volumes of solvent.

This method

involves an additional equipment expense, large volumes of
solvent, the precarious use of solvents around an electric
motor, and the possibility of emulsion formation, which
requires separate filtration and drying steps [2.126].
All of these methods are reported to yield good
recoveries but are expensive in terms of time, labor costs,
solvent, and solvent disposal costs.
MATRIX SOLID PHASE DISPERSION
Matrix Solid Phase Dispersion (MSPD) is a method that
has been used successfully to extract pesticides in aquatic
species (including crayfish, oysters, and catfish) and has
been shown to eliminate many of the difficulties of the
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Table 2.3.

Analytical methods for the detection of triazines in aquatic organisms.

Compounds

Matrix

Sample Preparation

Detection

Reference

simazme

fish

Hexane:acetonitrile (ACN)
partition

GC/HECD
GC/MS

2.110

simazme

fish

Hexane:ACN Partition

GC

2.111

simazme

animal tissues

solvent extraction

GLC/MS

2.112

simazme,
atrazine,
propazine

catfish muscle

solvent extraction

LC/UV

2.113

simazme,
atrazine,
propazine

animal muscle,
liver, heart,
kidney

ground with anhydrous
sodium sulfate solvent
extraction column cleanup

GC

2.114

simazme
atrazine
propazine

animal fat

solvent/solvent extraction
column cleanup

GC

2.114

cr>
o

table con'd.
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simazine
atrazine
propazine

blood

absorbed on Hyflo super Gel
solvent extraction column
clean up

GC

2.115

atrazine

tilapia liver
muscle gonad
heart brain

ground with anhydrous
sodium sulfate solvent
extraction filtered

HPLC/UV

2.116

atrazine

tilapia blood

mixed with anhydrous sodium
sulfate solvent extraction
filtered

HPLC/UV

2.117

atrazine

whitefish blood
skeletal muscle
gall bladder
liver stomach
intestine gills
brain

solvent/solvent extraction

GC/NPD

2.118

atrazine

grey mullet
liver

ground with fontainbleau
sand with solvent
extraction

GC/FID

2.119

atrazine

carp liver
kidney spleen

solvent/solvent extraction
anhydrous sodium sulfate
hexane

GC

2.120

table con'd

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

atrazine
simazine
propazine
terbuthylazine
desehylterbuthyl
azine prometryn

halibut muscle
intestines heart
kidney bile
liver

homogenized with anhydrous
sodium sulfate and sea sand
soxhlet extraction in
solvents chromatographic
separation

atrazine

fish

Ethyl acetate:hexane
blending

2.122

terbutryn and
metabolites

fish

ACN:H20

2.123

simetryne

Shucked
shellfish
(Corbisula
japonica)

Homogenation in ACN in
filtrate shaken with DCM
evaporated then hexane
constituted cleanup on
Fluorisil and Fluorisilsilver nitrate column

GC/MS-SIM

GC/ECD GC/FID

2.121

2.124

CTl
NJ
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extraction process [2.127].

With MSPD, a small amount of

the tissue sample (0.5-1.0g) or more is blended with an
organic-phase derivatized solid support, such as
octadecylsilane (CiS) derivatized silica to make a reversed
phase complex for retaining neutral compounds.

The silica

serves an abrasive and performs initial disruption of the
sample through grinding forces.

The Ci8 unfolds and

disrupts cell membranes and solubilizes lipids and induces
hydrophobic/lipophilic interaction in a sample.

The tissue

becomes dispersed over the solid support surface thereby
maximizing interaction of the solid support, the Ci9, and
the sample. This material, thus becomes part of a
multiphasic column.

The column can be fashioned from a 10

mL plastic syringe barrel that can be prepacked with a co
column, such as florisil or alumina in many applications.
Florisil is a synthetic magnesium silicate and is used to
remove very polar compounds from pesticide extracts. MSPD
has been shown to provide excellent clean-up so that either
GC or HPLC may be used for analysis with little or no
further sample preparation.

Generally, only eight mL of a

solvent are needed to extract the analyte(s) of interest.
The strength of the solvent system can be varied to elute
compounds of different polarity while causing others to be
retained.

For gas chromatography analysis, the eluted

samples may be analyzed directly if the solvent is
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compatible with the detector.

For HPLC analysis, the

solvent may be evaporated completely and reconstituted in
mobile phase, depending on the needed limits of
detection/quantitation.
MSPD is a rapid, practical, and efficient technique
for extraction of pesticides from fish tissue. The MSPD
method overcomes many complications associated with the
traditional isolation techniques since it uses smaller
volumes of the sample and solvent and involves far fewer
steps [2.127].

For example, in a comparison study by Lott

and Barker on a pesticide-induced fish kill, half of the
contaminated fish samples were analyzed by Northeast
Louisiana University (NLU) using conventional techniques
and the other half by Lott using MSPD.

The complete

analysis time for 30 samples was 4-6 weeks using
traditional methods, versus 3 days using MSPD.

In the NLU

study, 50g of tissue were required for the conventional
analytical method versus 0.5g using MSPD. In addition, over
1000 mL of solvent waste/sample was generated by the NLU
laboratory versus 10 mL/sample generated by the laboratory
using MSPD [2.128],

MSPD is a "generic" approach to sample

preparation, since this technique allows for screening of a
wide number of pesticides in one extraction step, and a
variety of tissues from aquatic and mammalian species can
be analyzed by the same method.

MSPD is also capable of
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being adapted to a "robotic" approach since several samples
can be extracted simultaneously and the procedures are
somewhat generic.

However, MSPD had not been applied to

triazines before.
DETECTION METHODS
Established methods of triazine analysis include HPLC
and GC.

Triazines are relatively polar and water soluble

which allows them to be analyzed by HPLC [2.129, 2.130].
However, their relative volatility and thermal stability
also allow analysis by GC [2.131].
HPLC
Since triazines and their more polar metabolites have
ultraviolet (UV) absorption, they are suited to analysis by
H P L C

with UV detection [2.130].

A variety of columns and

mobile phases have been used for triazine analysis [2.96,
2.127].

Reverse-phase Cis packing is used most frequently,

but other packings include octyl (C8) [2.131], amino
[2.132], and normal phase [2.116].

Detection by UV with

fixed or variable wavelength is used most often and can be
quite sensitive.

Holland et al. reported an

L C

method for

the simultaneous determination of simazine, atrazine, and
propazine in which levels as low as 12.5 ppb were detected
in fortified fish muscle [2.113].

This method should be

sensitive enough to diagnose triazine induced fish kills,
since the

LC50

of atrazine ranges from 4.5 ppm in rainbow
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trout (Oncorhynchus mykiss) to greater than 1000 ppm in
crabs (Callinectes sapidus)

[2.96].

In addition, this

level is lower than the 12 ppm tolerance level set for
simazine in fish tissues by the Code of Federal
Regulations.

No tolerance level is set for other triazines

in fish tissue [2.133].
HPLC can also be interfaced to a mass spectrometer
(MS) and can give "absolute" confirmation of the presence
of triazines or its metabolites [2.134].

A multiresidue

HPLC/MS method for pesticide analysis in aqueous samples
has been reported.

The method detection limit for

atrazine, cyanazine, and metribuzin was 1 ng/mL, 0.35
ng/mL, and 0.3 ng/mL, respectively [2.135].
Qg
Triazines have sufficient volatility and stability for
GC analysis.

Since the triazine herbicides contain 5 moles

of nitrogen/mole (35% nitrogen by weight), the most
sensitive detection

method is GC with a nitrogen-

phosphorus detector (NPD)

[2.136].

The limit of detection

(LOD) with an NPD has been reported to be in the tenths of
ppb [2.54].

Detection of triazines by an electron capture

detector (ECD) and thermionic bead detector is used less
often [2.96].

Polar metabolites are not volatile enough to

be gas chromatographed directly but can be analyzed with GC
after the samples are derivatized with N,O-Bis
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(trimethysilyl) trifluoroacetamide to the analyte of
interest [2.108, 2.137].

Columns of intermediate polarity

are most frequently used to analyze triazines [2.137].
Coupling GC with MS can yield positive identification of
triazines as well as provide quantitation.
Immunoassay
Immunoassays are attracting widespread interest as a
tool to screen tissues, as well as other matrices, for
pesticides.

Most such assays were originally designed to

detect pesticides in water.

Immunoassays would be

advantageous as screening tools because of their ability to
screen large numbers of samples in short time intervals.
This technique combined with MSPD extraction has been
successfully applied in a fortified and an incurred drug
residue study of sulfamethazine with catfish muscle
[2.127].
Positive immunoassay samples would, however, require
quantitation and confirmation by accepted methods [2.138].
In addition, such immunoassay test kits are often designed
for aqueous systems and must be re-validated for the matrix
of interest, such as fish muscle.

In tissue residue

studies, organic extracts release more than just the
compounds of interest from the sample.

Research is

underway to modify extraction procedures to increase the
aqueous content of the extract so as to make such assays
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directly applicable [2.139].

Many governmental agencies

including the EPA, AOAC [2.140], and FSIS of the United
States Department of Agriculture (USDA)[2.11] are pursuing
methods to validate the immunoassay (IA) test kit
applications for use on tissue residues.
The MSPD method of extraction for triazines in
combination with an ELISA would be a quick and simple
screening technique for fish tissues potentially
contaminated with these pesticides.

In addition, because

both techniques are portable, they could be transported in
the field for an onsite analysis.

PREVENTION AND REMEDIATION
PREVENTION

Fish kills are an indication that there is an upset in
the quality of the aquatic system. Often the public
believes that chemical substances such as pesticides are
the only cause of fish kills and demands tighter
restriction on the use of such chemicals to prevent further
incidences.

However, many natural causes such as

infectious disease can lead to large scale losses as well.
Although not all fish kills are preventable, steps can be
taken to decrease the number of incidences for both
pesticide-induced and natural losses.

The following

section will discuss techniques to prevent the pesticideinduced and natural fish kills and give brief mention to
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remediation techniques of soil, sediment, and water that
are applicable to triazine contamination.
PESTICIDE-INDUCED FISH KILLS
Over the concern for environmental protection, public
pressure, and possible governmental legislation,
agrochemical companies have developed preventative steps to
decrease pesticide pollution.

It is recognized that

contamination of aquatic systems comes from both point and
non-point sources.

Point-source contamination is

attributable to careless filling of spray containers and
operating spray equipment adjacent to streams and rivers.
In a Canadian study, it was found that approximately 22% of
pesticide contamination in streams was due to mixing
pesticides, cleaning equipment, or spraying adjacent to
water bodies [2.141].

To address this issue, agrochemical

companies label pesticides with guidelines for properly
reconstituting pesticides, cleaning application equipment,
and applying pesticides at safe distances from water
systems.
Non-point source contamination accounts for the
majprity of surface water contamination.

Runoff in surface

water after heavy rains and erosion of sediment with
absorbed pesticides account for most causes of non-point
source contamination [2.142].
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In response to these factors, tilling practices are
being researched as valuable tools to prevent water
contamination by pesticides.

Since tilling practices are

dependent upon properties of the pesticides and soil type,
proper tillage will be a site specific assessment.
Conservation tillage and no-till planting have produced
dramatic decreases in atrazine/water runoff from fields and
increases in the herbicide's infiltration in fields.
Conservation tillage in which greater than 30% of soil
surface is covered with crop residue is a proven method for
preventing pesticide contamination.

This technique

prevents soil erosion, slows water runoff, and increases
infiltration of the pesticide into the soil.

No-till is a

form of conservation tillage which leaves the soil
undisturbed with plant residue from the previous year
remaining on the soil prior to planting.

In a study

comparing triazine runoffs from conventional and no-till
watersheds, it was found that there was less runoff oi
herbicide in no-till land compared to conventional tillage.
The decrease in runoff was attributed to increase in
herbicide soil infiltration and to the absorption of the
triazines by plant residue [2.143].
Research is also being conducted on crop rotations,
the use of filter strips along the edges of planted fields
and different formulations of agrochemicals as
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preventatives in water contamination by pesticides.
Computer models are used in conjunction with this research
to predict the relative losses of specific chemicals under
given conditions [2.144].
Restriction of chemical usage has led to the decline
in water fouling in some cases.

Tributyltin, (TBT) widely

used as a biocide in boat paints in the early 1980s, was
harmful to a number of aquatic species including
microalgae, mollusks, crustaceans, and fishes.

Following

legislation in several countries during the late 1980s that
prohibited the use of TBT-based paints on vessels <25
meters in length, there has been a decline in TBTconcentrations in water.

These lower concentrations have

resulted in the recovery of affected aquatic species
[2.145].
In the EPA 1988 inventory of water quality, pesticides
were ranked sixth as river and stream pollutants.

Atrazine

was one of the most commonly found pesticides in
groundwater.

When pesticides exceed standards in surface

water, one approach is to ban the use of the chemical
[2.146].
In November 1994, EPA initiated a special review of
the triazine herbicides atrazine, simazine, and cyanazine.
The special review is conducted in response to concerns
over environmental risk or to a human health concern.
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During the review period, the EPA will assess both
potential risks and benefits of these herbicides. This
process should be completed in late 1996, and after this
time the agency will determine whether to further restrict
or cancel the use of these herbicides [2.147, 2.148],
DuPont Agricultural Products and Griffin Corporation have
voluntarily agreed to phase out cyanazine by the year 2002
[2.149] .
NATURAL FISH KILLS
Many fish kills are the result of natural causes and
are not pesticide-induced.

Although determination is

sometimes difficult, causes of fish kills can usually be
ascertained and corrective action can be taken to prevent
further losses [2.29].
Environmental factors previously mentioned as
contributing to fish kills need to be addressed.

All of

the following parameters need to be monitored for the
prevention of problems in an aquaculture pond and for
remediation of affected water bodies in the event of a
kill.
Dissolved oxygen should be measured with a calibrated
oxygen meter.

Monitoring should take place several times

throughout the day.

Plotting these data on graphs can

predict low levels during the night and preventative steps
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can be taken.

During periods of low dissolved oxygen in

ponds, pumps can be used to oxygenate water [2.8] .
Low dissolved oxygen associated with ice formation in
cold months can be alleviated by keeping the pond minimally
stocked during this season to decrease the oxygen demand.
Pumps can be used to keep water flowing and help prevent
freezing. [2.7] .

Snow should be removed from the ice; this

will allow light in to fuel photosynthesis [2.150].
Variations in salinity can lead to osmotic
disturbances in fishes as previously described.

In a small

pond that is deficient in saline, NaCl may be used to
increase the salinity.

Conversely, freshwater of low

salinity may be added to water high in saline in small
ponds.

A salinity meter is used to monitor levels [2.7].

Although temperature is difficult to regulate in ponds
and other large bodies of water, fishes will exhibit
temperature selection behavior to function most
efficiently.

For example, striped bass (Morone saxatills)

migrate from New England in the summer to the Carolina
coast in winter to stay in water temperature where this
species functions most efficiently, and its metabolism will
have to compensate minimally.

Although fishes can tolerate

gradual changes in temperature, an abrupt change that does
not allow biochemical and metabolic systems to adjust could
be lethal [2.21] .
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Good management and preventative medicine will help
prevent fish mortality in aquaculture ponds.

Fishes should

be stocked at proper densities to prevent the stress of
overcrowding.

Wild fishes should be eliminated from ponds

since they can be potential predators especially in fry
ponds [2.151] .
Most fish feeds are nutritionally complete but can
vary in palatability.

Corn and peanut meal feeds should be

carefully checked for contamination with aflatoxins.

Feeds

should be given in the right quantity to maintain the
health of the fish and to prevent denaturation of the water
quality [2.152].
Pharmaceuticals are available for the prevention and
control of certain fish diseases.

For example, the

incidence of enteric redmouth (ERM) caused by Yersinia
ruckeri can be greatly reduced by vaccination of rainbow
trout.

If fish become infected with ERM, oxytetracycline

can be used for control [2.153].
Water with pH values at 6.5 to 9 at day break are
considered best for fish production.

Values outside these

ranges can be stressful to some fishes and lethal to
others. Therefore preventative measures should be taken to
maintain desirable pH levels.

Since sulfide bearing

minerals in water will lead to acidic conditions, care
should be taken in the location and construction of ponds.
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Treatment with lime prior to construction will control
water acidity in sulfide-contaminated soils [2.7].

For

general pond management, if the pH levels become too acidic
or alkaline preventative measures can be taken.
Application of ammonium fertilizers will lower pH of pond
water, but should not be used at very high pH, since NH4+
will be converted to NH3, which is toxic to fishes.
alum

Filter

(aluminum sulfate A12(S04)3 *14 H20) may be safely

added to ponds to decrease alkaline pHs [2.7, 2.8].
Preventative steps can be taken to lessen the
deleterious effect that nitrogenous compounds may have on
fishes.

On a preventative basis, fish stocking rates and

feeding rates should be decreased in cooler months.

For

levels of NH3 that are dangerously high, the total ammonia
nitrogen can be decreased by diluting the ponds with fresh
water.

Also, the judicious use of an acid or an acid-

forming substance can temporarily decrease the
concentration of un-ionized ammonia [2.7,2.8].
Since high N02" levels will follow high NH3 levels,
steps to control N02” should also be taken.

To help offset

the decreased oxygen carrying capacity of methemoglobin,
water should be adequately oxygenated.

The nitrite to

chloride ratio in an aquaculture system should be routinely
maintained at a ratio of 1:10 by the addition of NaCl
[2.8].

Chloride will act as a competitive inhibitor for
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N02~ at the gill epithelial cell and will thus prevent
methemoglobin formation.

Certain species of fish have the

enzymes to reduce methemoglobin back to hemoglobin (Hb) .
This reduction is mediated by methemoglobin reductase.
Methemoglobin reductase can be regenerated by moving fish
to water low in nitrite.

For valuable fish affected with

methemoglobinemia, hemoglobin reductase activity can be
stimulated by giving intravenous injection of methylene
blue.

This will increase the conversion rate of

methemoglobin to Hb [2.13] .
REMEDIATION
Following pesticide contamination of an aquatic
ecosystem, identification of the specific compound(s) in
the affected species is important so that appropriate steps
can be taken to minimize damage.

Samples of water,

sediment, and biota must be taken for analysis.

Once an

identification is made, remediation techniques are chosen
suitable for the pesticide and the contaminated
environment.
BIOREMEDIATION
Bioremediation is, in general, the degradation of
pollutants by microorganisms and plants.

Microbial

bioremediation is effected by introducing exogenous fungi
or bacteria in the environment or by enhancing growth of
indigenous populations with proper nutrition or no-tillage
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of the soil [2.154].

Experimental studies with individual

bacterial strains has led to the understanding of metabolic
degradation of some

pollutants.

However, in the field

there are interactions among naturally occurring microbes
and environmental factors. Exogenous bacteria that are
released into an area or "seeded" must compete with the
natural population [2.155, 2.156].

Favorable environmental

conditions relating to proper aeration, temperature, pH,
salinity, and nutrients conducive to bacterial growth will
accelerate biodegradation [2.157].

The contaminant of

concern must be available for microbial degradation since
this occurs more readily with compounds free in an aqueous
solution than if the xenobiotic is sorbed to sediment
particles [2.157, 2.158].
Acceleration of mineralization (oxidation to C02) is
the ultimate goal of bioremediation.

If the microbes are

pre-exposed to a small amount of the pollutant (enzymatic
induction) or if the pollutants are similar in structure to
naturally occurring molecules, this will lead to more rapid
degradation.

Further, with rapid degradation and complete

mineralization there will be less sorption of metabolites
to soil [2.159].

Research to control biodegradation rates

by isolating specific biodegrading genes and inserting them
into bacteria by plasmid conjugation is an active area of
remediation research [2.160].
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Although the majority of the work in bioremediation is
on microbial degradation, plants also play a role in
contaminant decomposition.

Rhizospheres (regions in the

soil that are influenced by the presence of plant roots)
can degrade xenobiotics better than unplanted soil regions.
This soil area is associated with physical changes such as
compaction or deposition of root derived material in the
rhizosphere, which supports increased numbers of
degradative microorganisms or nutrients conducive to
microbial growth.

Plants can also aid in bioremediation of

contaminated soil by "target-neighbor" co-cropping, which
removes xenobiotics from the soil and concentrates them in
above ground tissue.

In this process plants of opposite

sensitivity to a xenobiotic are planted next to each other.
For example, corn is a plant that accumulates atrazine but
is not sensitive to it.

Soybeans are sensitive to atrazine

but do not accumulate it. The atrazine is removed from the
soil by each plant.

Ordinarily soybeans would be killed by

the atrazine, but the effect of the atrazine is diluted in
the soil and in soybeans with the large numbers of corn
plants surrounding them.

Soybeans will grow in this

atrazine affected soil as well as it will in untreated soil

[2 .161].
Atrazine degradation has been extensively studied
experimentally and in the field.

Decomposition in the soil
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involves hydroxylation, dealkylation, and ring cleavage
[2.162].

Formation of hydroxyatrazine is primarily through

indirect photolysis.

Dealkylation of atrazine occurs in

the field and laboratory under aerobic conditions primarily
by fungi such as Aspergillus and Fusarium.

Experimentally,

this is enhanced with NH4NO3 and glucose. There are reports
of bacterial degradation under limited conditions.

In

soil-enrichment cultures, strains of Pseudomonas degraded
atrazine to the mono-dealkylated products. Pseudomonas was
also able to dehalogenate previously dealkylated atrazine.
Dehalogenation by Pseudomonas did not occur when it was
incubated with the parent compound.

Total mineralization

of atrazine occurs in the field by microbial degradation
but is a very slow process [2.163].
In most agricultural soils <40% of atrazine is
mineralized after one year.

Assaf and have reported on a

mixed population of isolates from previously contaminated
atrazine soil that actively degraded atrazine.

The

microorganisms mineralized >86% of atrazine in 150 days.
In addition, no soil residues were formed, which eliminated
persistent metabolites such as hydroxyatrazine.

Further

work is proceeding to identify isolates from this study
[2.164].

R ep ro d u ced with p erm ission of th e copyright ow ner. Further reproduction prohibited w ithout p erm ission .

80

TREATMENT TECHNOLOGIES
In the field, compounds are not always available to
microorganisms for biodegradation.

Many pollutants are

rendered less available because of sorption, presence in a
nonaqueous liquid, or location in a physically inaccessible
microenvironment.

In this situation, other technology may

be effective in controlling or removing pollutants.
Various technologies for treating contaminated water,
soils, and sediments are described in the literature
[2.165, 2.166]

(Figure 2-3).

Brief mention is given to

some of the current technologies used in the remediation of
triazine contamination.
Supercritical fluid extraction (SFE) is a separation
technique that offers a non-polluting, on site clean-up
method for remediation of pesticide contaminated soil.
can be tailored to various pesticides.

SFE

Supercritical C02

is a nonpolar solvent and will extract pesticides that are
soluble in hexane.

However if the pesticide is not soluble

in a non-polar solvent, extraction fluid may be modified to
make it more polar by adding cosolvents such as methanol.
SFE uses a design in which the extracted pesticide is
precipitated and recovered from supercritical stream by
decreasing the pressure in a separator vessel.

It has been

successfully used to remediate experimentally contaminated
atrazine, cyanazine, and metribuzine contaminated soils.
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Figure 2.3. Treatment technologies for contaminated soil.
Source: Contaminated Land Treatment Technologies
Rees JF (Ed) London 1992:298.
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SFE is especially useful at sites such as agrochemical
dealers where pesticides are spilled during mixing and
tanks containing pesticides are rinsed after use and the
water is allowed to contaminate the ground. In this sense
SFE could be considered as a preventative technique for
sediments and soils as well as water at sites of pesticideinduced fishkills [2.165].
Thermal desorption technology utilizes heat within an
enclosed chamber to vaporize pesticides from soils and
sediment.

The contaminants are released as a gaseous

exhaust and are destroyed in a thermal oxidizer, adsorbed
onto activated charcoal, or treated by other means. This
process has been successfully used in the remediation of
organochlorine contaminated soils at Comprehensive
Environmental Response, Compensation, and Liability Act
(CERCLA) sites [2.166].
Other treatment technologies that will remove atrazine
from water include activated carbon adsorption, ion
exchange, reverse osmosis, ozone oxidation, and ultraviolet
irradiation [2.165].
In conclusion, in the diagnosis of fish kills consideration
must be given to both environmental and biological factors.
Some factors such as low dissolved oxygen can enhance the
toxicity of the pesticide to fish.

Environmental factors

such as photolysis can lessen the impact of a chemical by
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removing it from the aquatic system.

Some factors, such as

nitrite toxicity, and their role in the aquatic ecosystem
are understood well enough that they can be manipulated to
prevent fish kills.

There is a need to clarify knowledge

on the influence between environmental factors and various
classes of pesticides onfish kill toxicity.

In this

regard, the toxicity of pesticides using triazines as a
model and the influence of the environmental factors of
hypoxia and elevated temperature were examined.

The

techniques and results investigated and reported here may
prove useful in understanding and preventing pesticideinduced fish kills.
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CHAPTER 3
EXTRACTION AND HPLC ANALYSIS OF TRIAZINE
FORTIFIED CHANNEL CATFISH (ICTALURUS
PUNCTATUS) MUSCLE
INTRODUCTION
Because fishing and the health of the environment are
of tremendous public concern, a great deal of publicity is
attendant to reports of fish kills, particularly those
associated with chemical contamination from agricultural
runoffs.

Livelihood, recreational activities, and

environmental soundness are clearly threatened by such
disturbances. For example, from 1970-1979 an estimated 3.6
million fishes died in documented fish kills in Missouri.
Approximately 20% of these fish kills were associated with
toxic insults from agricultural chemicals such as
pesticides and fertilizers [3.1]. In Louisiana there have
been numerous newspaper reports of fish kills linked with
the use of pesticides.

For example, in 1991,

azinphosmethyl a pesticide used in sugar cane production
was reported to be the etiology of 200,000 fishes killed in
Bayou Lafourche and Blind River in southeastern Louisiana.
This organophosphate was apparently washed into the water
by rain soon after application.

Although the etiology of

this fish kill was suspected to be caused by this chemical
initially, it was several weeks before laboratory
confirmation was available [3.2] due to the lack of rapid
99
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methods for screening, detecting, and identifying this
compound.

The same is true for many such agents that could

also have possibly been involved.
Because there are many factors that can initiate and
contribute to fish kills, a well established protocol is
essential to respond and establish an etiology for such
events.

A rapid analysis of pesticide-induced fish kills

may allow scientists an advantage in remediating the
environment. Such programs have been initiated on several
levels on both local, state, and federal levels.

However,

although there are many well founded regimes established
for water, soil, and fish sampling and analysis, there is
not strict adherence to protocols.

This can complicate

detection and response to the cause of the event.

For

example, delays in water sampling have led to environmental
degradation of pesticides before analysis thus hampering
diagnoses [3.2].

Delays in sampling fishes or other

aquatic species sampling can lead to necrosis of the
tissues, thus inhibiting a pathological or microbial
diagnosis and often preventing the discovery of toxins in
these same tissues [3.3].

Further, current practices for

toxicological analysis of fishes are inherently time
consuming.

In the analysis of fishes contaminated with DDT

and toxaphene from the Tickfaw River in northeastern
Louisiana in December 1991, turnaround time was
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Tickfaw River in northeastern Louisiana in December 1991,
turnaround time was approximately three weeks with
conventional methods [3.4].

Much of the time expended in

such methods is in sample preparation step; often liters
of solvent are expended in the process.

Thus, analytical

methods are also needed that are rapid, efficient, and
themselves environmentally friendly.
Such methods are needed for a wide range of
compounds, however.

In establishing such methods, it may

be desirable to first study a class of compounds that is
widely used and which could thus serve as a model for the
approach to the extraction, detection, and identification
of these and other compounds.

In this regard, triazines

are the most widely used group of herbicides in the U.S.
and are used on over

2

million acres of cropland in

Louisiana alone [3.5].

Thus, I selected the triazines

metribuzin, cyanazine, simazine, and atrazine to serve as
a model to define new methods for the rapid extraction,
detection, and analysis of compounds of concern in the
incidence of fish kills.

I selected a process called

Matrix Solid Phase Dispersion (MSPD) for this purpose and
report here the results of this approach.
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EXPERIMENTAL
REAGENTS AND EXPENDABLE MATERIALS
SOLVENTS
Liquid chromatography grade from commercial sources
was used. Phosphate buffer (PB)

(0.01M) for the LC mobile

phase was prepared by placing 1.37g Sodium Phosphate
Monobasic Monohydrate (NaH2P04 .H2 0) [CAS 10049-21-5]

(EM

Science, Gibbstown, NJ) in a 1000 mL volumetric flask in
commercial HPLC grade water to make a 1 L total volume.
The pH was adjusted to 6.0 with IN NaOH.

This solution was

filtered through a Gelman Sciences Metricel® Membrane
filter, 0.45um,

(Gelman Sciences, Inc.,

Ann Arbor, MI).

HPLC grade water was obtained from Mallinckrodt, Paris Ky.
PESTICIDES
All pesticides were at least 99% purity based on
manufacture's data.

Atrazine [1912-24-9], Metribuzin

[21097-64-9], Cyanazine [21725-46-2], and Simazine [122-349] were obtained from Crescent Chemical Co. Inc.,
(Haupauge, NY).
MSPD COLUMN MATERIAL
Preparative grade Ci8, 40 urn, 18% carbon load, end
capped (Analytichem Bondesil™, Part No. 1221-3013);
obtained from Varian Associates (Harbor City, CA) .

The C-l8

was cleaned prior to use by washing with

2

volumes each of

hexane, dichloro-methane, and methanol.

The material was
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then vacuum aspirated overnight to remove excess solvent.
This material was stored at room temperature in a closed
plastic container until used.
FLORISIL
PR grade Florisil (Alltech, Assoc., Inc., Deerfield,
IL), 60-100 mesh [1343-88-0] was activated by heating to
130°C for at least 1 week before use.

Activated florisil

was stored at 130°C in an aluminum foil-covered beaker.
EXTRACTION AND FILTRATION COLUMNS
Muscle tissue extraction columns were fashioned from
10 mL disposable plastic syringe barrels (Becton Dickinson
Co., Franklin Lakes, NJ) that were washed with hot soapy
water, triple rinsed with each of tap water, double
distilled water, and methanol.

The syringe barrels were

air dried prior to use. One ml disposable plastic syringe
barrels (Becton Dickinson Co., Franklin Lakes, NJ) for
filtering the supernatant were cleaned in an identical
fashion.

Paper filters (Whatman no. 1, 1.5 cm) were placed

in the base of the columns.

Two grams (2 g) of activated

florisil were then placed in the column.

The homogenized

tissue-Cie mixture was added and a Whatman filter was placed
on top. A plastic pipette tip was secured to the column
outlet of the 10 mL barrels.
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MUSCLE SAMPLES
Channel catfish [Ictalurus punctatus) were obtained
from the Aquatic Disease Laboratory of the School of
Veterinary Medicine, LSU-BR.

Skinless fillets were stored

frozen (~20°C) until needed.

EXTRACTION PROCEDURE
One-half gram (0.5 g) of catfish fillet was placed in
a glass mortar containing

2.0

g of C 19, allowed to reach

ambient temperature, and injected with 40 uL of each
triazine stock solution (concentrations of 4.37, 8.75, 25,
50, and 100 ug/mL) to achieve tissue concentrations of 0,
0.35, 0.7, 2, 4, and

8

ug/g.

For the immunoassay

procedure, the atrazine tissue concentrations were 0, 1, 3,
5, 10, and 20 ug/g.

The samples were allowed to stand 5

minutes and blended using a glass pestle.

The resulting

mixture was then transferred to a 10 mL column fitted with
a 1.5 cm disc paper filter and containing 2.0 g of
activated florisil.

Another paper filter was placed on top

of the transferred material, and

compressed to a volume of

approximately 7.5 mL using a syringe plunger. The column
was placed over a clean 10 mL glass test tube. The
triazines were eluted using

8

mL of a 9:1 ratio of ACN and

MeOH over a 25 minute period of time using gravity flow.
Slight positive pressure was applied to assist in
initiating flow via a rubber bulb (Figure 3.1).

The
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Figure 3.1.

Flowchart of the MSPD extraction technique
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resulting eluent was approximately 5 mL.

The extract was

placed in a water bath (35°C) and evaporated under
nitrogen.

The eluent was reconstituted by the addition of

500 uL of mobile phase and vortexed.

The sample extracts

were placed in a 1.5 mL polypropylene test tube (Micro
Tuge, cat. No. 72.690.475, Sarstedt, Inc., Newton, NC) and
centrifuged for 5 minutes at 15, 600 X g (Centra-M,
International Equipment Co., Needham Hts, MA) .

The

supernatant was placed in a previously cleaned 1 mL syringe
fitted with a 0.45 urn syringe filter (Nalgene R, cat. No.
176-0045, Rochester, NY), and the supernatant was passed
into a liquid chromatography (LC) autosampler vial.

Total

extraction time was under 40 minutes.

ELISA PROCEDURE
MSPD extracts of atrazine fortified catfish muscle and
atrazine standards were analyzed by the EnvironGard®1
Triazine Plate Kit (Millipore Corp, Malborough, MA) , a
quantitative microtiter well ELISA for the detection of
triazine residues in water.

The test kit was stored at 4°C

when not in use; all reagents and components were allowed
to come to room temperature prior to use.
TEST PROCEDURE
Prior to evaporation, 10 uL of eluent from the MSPD
extraction procedure were added to
(DI) water for a dilution of 1:1000.

9.99 mL of deionized
Eighty microliters
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(80 uL) of this sample were placed in the bottom of a kit
well and 80 uL of atrazine-enzyme conjugate were added.
The solutions were mixed by gentle tapping and incubated at
room temperature for 1 hour.

The sample wells were emptied

and washed 5 times using tripled distilled water.

Eighty

microliters (80 uL) of substrate were placed in the well
and incubated at room temperature for 30 minutes at which
time the stop solution was added.

The optical density (OD)

values were then obtained using a Dynatech MR5000 ELISA
plate reader (Dynatech Laboratories, Alexandria, VA);
absorbance was measured in a single wavelength mode using a
test filter of 450 nm.

LIQUID CHROMATOGRAPHIC ANALYSIS
LIQUID CHROMATOGRAPH
All HPLC analyses were performed using a Hewlett
Packard 1090 liquid chromatograph with an autosampler.
Detector.

Photodiode array data were acquired with a

photodiode array detector set at 220 nm with a 4-nm
bandwidth and a reference signal at 450 nm with a 80 nm
bandwidth. Detector sensitivity was set at 20 mAU full
scale.
Software.

Hewlett-Packard Pascal software (Part No.

Hp 799994A) was used for LC control, data acquisition, and
peak integration.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

108

Column.

A reversed phase narrow-bore column packed

with octadecysilyl (ODS) derivatized silica (200 X 2.1 mm,
ODS Hypersil, 5 um, Part No. 799160D-572, Hewlett-Packard,
Wilmington, DE) fitted with a ODS guard column cartridge
(20 x 2.1um, 5um, Part No. 79916KT-110, Hewlett-Packard,
Wilmington, DE) maintained at 40°C was used for all
analyses.
MOBILE PHASE

The mobile phase composition was a 7:3 ratio of 0.01 M
aqueous NaH:PO- (pH 6.0)

(PB) and acetonitrile (ACN),

respectively, delivered at an isocratic flow rate of 0.4
ml/min. Mobile phase solvents were filtered over a 0.45 um
membrane filter (FP Vericel™, Prod. No. 66480, Gelman
Sciences, Inc.,

Ann Arbor, MI).

The solvents were purged

thoroughly with helium before use.
SAMPLE

A 10 ul aliquot of muscle extract was injected for

LC analysis.

DATA ANALYSIS
HPLC

The statistical parameters used to validate this
method for triazine analysis include linearity of response,
precision, and accuracy [3.6].
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LINEARITY OF RESPONSE
A standard curve covering the range of concentrations
from 0.35-8 ppm for standards and extracts was made using
the mean of the area of the replicate samples.
PRECISION
Precision was evaluated by examining intrassay
variability and interassay variability.

The values for the

intrassay variation were derived from the coefficient of
variation (CV) of means ± standard deviation (SD) of peak
areas of three repetitions of analysis of the same sample
for each concentration.

Overall intra-assay variability of

the method was determined by averaging the CVs for the five
concentrations (0.35-8 ppm) examined.

The values for the

interassay variability were derived from the CV of peak
areas of three distinct samples extracted and assayed on
three different days.

Overall interassay variation (± SD)

of the method was obtained by averaging the CV of each
individual concentration (0.35-8 ppm) .
RECOVERY
Recovery was evaluated by dividing the average peak
area of each concentration obtained after extraction by the
average peak area of the respective standard concentration
obtained without extraction.

The average percent recovery

(P) was calculated by summing the recovery percentage for
each sample concentration on each separate day and dividing
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by three.

The relative standard deviation of the average

percent recovery (P) was calculated by calculating the SD
of P and dividing by P.
SPECIFICITY
Specificity was calculated as the percentage of true
negative samples of the number of known negatives tested.
SENSITIVITY
Sensitivity was calculated as the percentage of
correctly identified positive samples (true positives) of
the total number of known positives tested.
IMMUNOASSAY
The parameters used to evaluate this immunoassay for
atrazine analysis included a dose response curve, intra
assay variability, sensitivity, and specificity.

A dose

response curve covering the range of atrazine
concentrations for extracts used the mean of the optical
density of triplicate wells.

Intra-assay variability of

this method was determined by averaging the optical density
readings and dividing by the standard deviation.

The

performance of the test was measured by sensitivity (the
test's ability to detect a true positive) and specificity
(its ability to detect a true negative).
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RESULTS AMD DISCUSSION
HPLC ASSAY
MSPD-derived extracts of atrazine, cyanazine,
metribuzin, and simazine fortified catfish muscle were
assayed by HPLC-DAD.

The statistical results are presented

below.
LINEARITY OF RESPONSE
A linear response was observed for daily five point
calibration curves for standards and MSPD extracts of
muscle using mean peak area ratio values of triplicate
injections.

Correlation coefficients of > 0.999 were

obtained for all calibration curves using standard
solutions.

Daily standard curves for MSPD extracted muscle

samples had correlation coefficients ranging from 0.998 1.000 with average daily values of 0.999 ± 0.001 for each
triazine (Figures 3.2-3.5).

This response shows linearity

of instrument response and that the extraction and recovery
is consistent over a range of analyte concentrations.
PRECISION
This method measured the amount of variability of the
test results from the repeated application of the
procedure.

The intra-assay variability or repeatability of

the method as determined by the CV of triplicate injections
was <9% for triazines at concentrations of 0.35-8 ppm for
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Figure 3.2. Standard curve of MSPD-extract from atrazinefortified channel catfish muscle samples.
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Figure 3.3. Standard curve of MSPD-extract from cyanazinefortified channel catfish muscle samples.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

114

400

350

y“ 43.126x+■6.S162

300

R2= 0.9985

250 Absorbance 2 0 0
ISO -

100

-

50
0

1

2

3

4

5
Vietribuzin cone (ng/taiL)

6

7

8

Figure 3.4. Standard curve of MSPD-extract from metribuzinfortified channel catfish muscle samples.

R ep ro d u ced with p erm ission of th e copyright ow ner. Further reproduction prohibited w ithout p erm ission .

115

1400
y = 164.I5X +- 21363
R2 =0.9983

1 2 0 0 -•

1000

-

800 -600400 200-

0

1

2

3

4

5

6

7

8

Simazine cone(ug/mL)

Figure 3.5. Standard curve of MSPD-extract from simazinefortified channel catfish muscle samples.
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extracts and all muscle three of the standards (Table 3.1) .
The inter-assay variability or reproducibility of the
method varied from approximately 5% for metribuzin at
concentrations of 0.35 ug/g muscle to 0.39% for muscle
containing 2ug/g using the mean peak area ratio values for
triplicate injections.

The overall daily variation for

muscle extracts containing 0.35 to 8.0 ppm ranged from
0.89% to 2.43% (Table 3.2).

This method meets criteria for

intra- and inter-assay variability established by the
Association of Official Analytical Chemists (AOAC) since
current recommendations for method validation using
biological matrices is for the precision around the mean
value to not exceed 15% of the CV [3.7] .

Precision (both

intra- and inter-assay variability) data were not
calculated for cyanazine standards since this was a pilot
study, and they were injected only once per run.
RECOVERY
Average percent recoveries ranged from 75 ± 3% for
0.35 ppm metribuzin to 106 ± 4 % for 0.35 ppm atrazine (n=9
for extracted pesticides).

Data indicates that MSPD

methodology allowed for successful extraction and
determination of all four triazines tested in catfish
muscle (Table 3.3).

These levels were not meant to reflect

the limit of detection (LOD) but rather the limit of
quantitation (LOQ).

This method has a proven LOQ of 350
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Table 3.1. Intra-assay variation (coefficient of variation
[CV]) of trials used to quantitate the recovery of
triazines in catfish muscle.
Triazine
conc.(ug/g)

atrazine

cyanazine

metribuzin

simazine

0.35

6.3

3.6

5.2

0.9

0.7

1.0

3.5

3.6

1.4

2

4.0

1.3

0.9

0.5

4

1.1

1.1

1.2

0.3

8

0.4

1.2

0.1

0.4

Overall CV

2.6

2.1

2.2

0.7

±2.5
±2.1
±0.4
(mean ± SD)
±1.1
n = 3 extractions per concentration (triplicate injections)
Table 3.2. Inter-assay variation (coefficient of variation
[CV]) of trials used to quantitate the recovery of
triazines in catfish muscle.
Triazine
conc.(ug/g)

atrazine

cyanazine

metribuzin

simazine

0.35

3.87

3.85

5.04

1.08

0.7

2.02

2.02

2.72

1.63

2

2.63

0.75

1.85

0.39

4

0.81

0.57

2.11

0.83

8

0.52

2.24

0.47

0.54

Overall CV

1.97

1.88

2.43

0.89

±1.37
±1.67
(mean ± SD)
±1.32
n = 3 extractions per concentration (using mean of
triplicate injections)

±0.49
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Table 3.3. Range of extraction recoveries for triazines
from fortified catfish muscle (concentration 0.35-8
ug/g) .
Triazine
conc.(ug/g)
0.35

atrazine

cyanazine

metribuzin

simazine

106 ± 4

95 ± 13

75 ± 3

81 ± 12

0.7

90 + 5

84 ± 11

84 ± 4

82 ± 8

2

89 ± 4

86 ± 6

79 ± 9

90 ± 8

4

80 ± 2

90 + 8

81 ± 10

84 ± 2

8

84 ± 2

98 + 4

86 ± 6

80 ± 6
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ppb for each triazine which represents a starting point in
quantitating toxic levels in fish muscle.

A muscle

concentration of 350 ppb is below levels that were lethal
to channel catfish during a 96 hr trial as reported in
Chapter 4.
SPECIFICITY
This method correctly identified negative samples
since neither method blanks nor control blanks produced
interfering peaks (Figure 3.6-3.7).

Therefore, this method

had 100% specificity for the four triazines examined.
SENSITIVITY
The sensitivity of this test was evaluated by its
ability to correctly identify the triazines in fortified
tissues ranging from 0.35-8 ppm (Figures 3.8-3.15).

This

method had 100% sensitivity for the four triazines examined
at the concentrations tested.

However, this method was not

designed to resolve all 4 compounds simultaneously since
cyanazine and simazine had approximately the same retention
times.

Adjustments in the mobile phase could resolve this

problem.
The performance of a multiresidue method is dependent
upon the responsibilities of the laboratory handling the
assignment [3.8].

Holland et al. with the U.S. Food and

Drug Administration (FDA) have developed a method for
triazine residues in catfish that is sensitive to 12 ppb
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Figure 3.6. Liquid chromatogram of MSPD extract from
method blank.
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Figure 3.7. Liquid chromatogram of MSPD extract obtained
from channel catfish muscle not fortified with triazines.
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Figure 3.8. Liquid chromatogram of MSPD extract obtained
from channel catfish muscle fortified with atrazine
at 8 jug/g.
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Figure 3.9. Liquid chromatogram of the atrazine standard
(8 fjg/mL).
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Figure 3.10. Liquid chromatogram of MSPD extract obtained
from channel catfish muscle fortified with cyanazine
at 8 ug/g.
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Figure 3.11. Liquid chromatogram of the cyanazine standard
(8 pg/mL).
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Figure 3.12. Liquid chromatogram of MSPD extract obtained
from channel catfish muscle fortified with simazine
at 8 fjg/g.
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Figure 3.13. Liquid chromatogram of the simazine standard
(8 fuq/mL).
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Figure 3.14. Liquid chromatogram of MSPD extract obtained
from channel catfish muscle fortified with metribuzin
at 8 fjg/g.
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Figure 3.15. Liquid chromatogram of the metribuzin
standard (8 ^g/mL).
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and has recoveries of 88% using ultraviolet (UV) detection.
By necessity this detection limit needed to be in the ppb
range since this method was designed for tolerance levels
in fish for food.

However, this method uses large sample

sizes and large volumes of solvent [3.9].

The sensitivity

of the present method could be immediately enhanced by
injection of 100 uL versus 10 uL as used here.

IMMUNOASSAY
MSPD-derived extracts of atrazine fortified catfish
muscle were screened in an enzyme assay for the detection
of atrazine residues at various tissue concentrations using
a commercial immunoassay kit.

The kit was originally

designed and validated for use in water samples.
There was a gradual decrease in optical density (O.D.)
of fish extract as the concentration of atrazine increased
from 0 to 20 ppb in diluted samples.

The degree of optical

density could be related to ranges of analyte
concentration, and atrazine levels were fitted to a dose
response curve showing negative, low positive, and high
positive values (Figure 3.16).

The highest O.D. was seen

with the control blank (0 ppm atrazine) illustrating that
there were no matrix effects that significantly interfered
with the reagents.

The gradual decrease in O.D. from 0 to

20 ppb atrazine illustrated that this is a semiquantitative
assay as applied here. Intra-assay variability had a range
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Figure 3.16. Semiquantitative dose response curve obtained
by MSPD extraction of atrazine-fortified channel
catfish muscle and analysis by immunoassay (log scale
plot)
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of 0.6 to 21%.

This wide range of precision may represent

well to well variation, pipetting errors, etc.

Prior to

method validation, further work will be necessary to
achieve less variation if the assay were to be used in more
than a semi-quantitative or screening manner.For the
analysis performed with atrazine extracted fish muscle,
this test had high sensitivity (100%) and specificity
(100%).

However, the Millipore Corporation states in the

performance characteristics that this kit will cross react
with various triazines and metabolites [3.10].

Therefore,

this indicates that this assay using MSPD extracts has the
potential to accurately identify triazine residues in
catfish muscle samples.

Further testing will determine how

sensitive and specific this continues to be with various
triazines.
Immunoassay is a rapid screening technique for
detection of a compound or class of compounds or
metabolites.

This test is based on the principle of direct

competitive inhibition in which the analytes in the sample
compete for a limited number of antibody binding sites
[3.11].

Immunoassays are attracting widespread interest as

a tool to screen tissues, as well as other matrices, for
pesticides. Immunoassays would be advantageous as screening
tools because of their ability to screen large numbers of
samples in short time intervals. Most immunoassays screen
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for classes of compounds rather than individual compounds.
Positive immunoassay samples would, therefore, require
quantitation and confirmation by accepted methods [3.12].
In addition, these test kits were designed for aqueous
systems and must be re-validated for the matrix of
interest, such as fish muscle.

In tissue residue studies,

organic extracts release more than just the compounds of
interest from the sample.

Immunoassays have been used

successfully in screening sulfadimethoxine and 4-Nacetylsulfadimethoxine residues in catfish muscle extracted
by MSPD [3.13].

Research is underway to modify extraction

procedures to increase the aqueous content of the extract
so as to make such assays directly applicable [3.14].

The

dilution technique applied have accomplished this same
goal.
An important factor in immunoassay performance is
adequate isolation and cleanup of test material.

The

concentration of a contaminant is critical to cleanup.

For

example, solid phase extraction is a valuable technique for
concentrating materials in extracts or water [3.15].

MSPD

appears to accomplish this in a single step for tissue
matrices.
The MSPD method development in this study began with a
fortification study using muscle from channel catfish
(Ictalurus punctatus).

The extraction procedure for the
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triazine fortified fish muscle was based on the MSPD method
reported by Lott and Barker which was developed for the
extraction of chlorinated pesticides in fish muscle [3.4].
This method extracted

pesticides from four different

species of fish using acetonitrile (ACN) alone.

The fact

that this method was successfully used in a variety of fish
plus its successful use in other aquatic species such as
crawfish and oysters made it a logical choice with which to
model a method for pesticide-induced fish kills throughout
Louisiana.

However, for the purposes of the present study,

a more polar extracting solvent was required since
triazines are more water soluble than chlorinated
hydrocarbons.

After varying solvents and ratios of

solvents, a blend of 9:1 ACN:MeOH proved to give the best
extraction efficiency for the general class of triazines.
Experimentation was also performed to modify the
cleanup technique to remove highly polar interferences from
the muscle tissue. The use of chloroform, hexane, and
florisil was investigated singly and in combination for
this purpose.

In agreement with the technique of Lott and

Barker, activated florisil proved to be the most efficient
adsorbent.
HPLC was selected for analysis of the triazines.
After reviewing the literature on high pressure liquid
chromatography (HPLC) of nonvolatile organic compounds in
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environmental samples, it was decided to use a 0.1M
ammonium acetate (NH4AC) as the aqueous portion of the
mobile phase [3.16].

However, spectroscopic analysis of

this solution showed absorbance in the 220-240 nm range
which interfered with maximum triazine absorbance.

A

(0.01M) phosphate buffer (NaH2PO4«Hz0) which offered no
interference with triazine absorption was satisfactorily
substituted in this method.
However, early in the method development, interference
with metribuzin absorption was noted. It was discovered
that the chemical (Finquel®) used to humanely sacrifice the
catfish absorbed in the 210-240 nm range and was co-eluting
with metribuzin.

An alternate method was used to

euthanitize the fish, and there were no further interfering
peaks.
Initially five wavelengths were monitored from 200-260
nm, but 220 nm consistently gave the best absorbance
maximum for all the triazines in this study.

Comparison of

the UV spectra of extract to standards showed excellent
peak purity.

A representative chromatograph of a blank

sample showed minimal interferences in the region of
triazine elution times (Figure 3.7).
Frequent lack of knowledge about the types of
pesticides involved in fish kills requires an adaptable
multiresidue method that can be completed within a short
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period of time.

Ideally, the method would use small sample

volumes and small volumes of solvent. The current method
under investigation is designed to detect lethal
concentrations in fish (usually ppm) with a minimal amount
of time and solvent and to be adaptable for analysis of a
variety of different classes of pesticides.
The widespread usage of triazines in Louisiana in
combination with Louisiana's environmental factors of high
summer temperatures and low dissolved oxygen water levels,
could compound the potential for triazines' role in fish
kills.

Another section of this paper will address a

residue study which correlates incurred triazine tissue
levels and the influence of such environmental variables.
The purpose of this project was to begin research for
method development of triazine analysis that is generic and
can be used with several classes of pesticides that are
toxic in fish kills.
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CHAPTER 4
ATRAZINE INCURRED RESIDUE STUDIES IN CHANNEL
CATFISH (ICTALURUS PUNCTATUS) AND THE
INFLUENCE OF ENVIRONMENTAL FACTORS UPON
TOXICITY
INTRODUCTION
There have been numerous reports of fish kills
associated with the use of pesticides in the state of
Louisiana. However, in many of these cases toxic residues
were not detected that could be attributed to pesticides.
In March 1996, bromacil was believed to be the cause of a
fish kill in East Baton Rouge Parish [4.1].

However, no

pesticide residues were detectable from laboratory analysis
of the fish tissue.

In other fish kills submitted to the

laboratory, some pesticide levels were detectable in the
ppb range.

However, such concentrations are often less

than the level that has been determined in the laboratory
to be lethal to certain species of fishes [4.2].

Thus,

there appears to be an incongruity in our abilities to
explain relationships between exposure levels of pesticides
and observed effects.

It is possible that pesticide

affects are being overstated or that synergistic mechanisms
are involved.
For example, pesticide testing under the Federal
Insecticide Fungicide and Rodenticide Act (FIFRA) has
established the LCso for pesticides as performed under
controlled conditions in the laboratory [4.3].

However, it

is known that many abiotic factors can influence toxicity.
139
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Such abiotic factors are those that influence the
chemistry of the pesticide or the physiology of the fish,
thereby possibly affecting the toxicity of the pesticide.
Because fish viability in southern Louisiana is adversely
affected by low dissolved oxygen and elevated temperature,
conditions that persist during the late spring to late
fall, these environmental factors are also of concern when
investigating the involvement of pesticides in fish kills.
The overall goal of the present study was to determine
the effect of hypoxia and increased temperature on the
toxicity of atrazine.

The hypotheses tested in these

experiments were:
1.H0:

the toxicity of atrazine and hypoxia are

independent,
Hv: the toxicity of atrazine and hypoxia are
dependent,
2. H0:

the toxicity of atrazine and increased water

temperatures are independent,
Hi:

the toxicity of atrazine and increased water

temperatures are dependent.
EXPERIMENTAL
Sample extraction and analysis for atrazine was
conducted as described in Chapter 3.

DATA ANALYSIS
RESIDUE IDENTIFICATION AND QUANTITATION

Peak identification was made by comparing retention
data with data for standards measured under identical
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conditions in the same batch as samples.

Pesticide

residues were quantified with external standardization
[4.4] by comparing the area of each analyte peak and the
size of a peak from a similar, known amount of each
reference standard injected under the same HPLC conditions.
The statistical parameters used in this experiment for
triazine analysis include Chi-square, ANOVA, and Linear
regression.
TEST FOR INDEPENDENCE OF ATRAZINE LETHALITY AND
ENVIRONMENTAL FACTORS

The relationship between the two variables of death
and hypoxia at a fixed concentration of atrazine and
between the two variables of death and increased
temperature at a fixed concentration of atrazine were
measured with a Chi-square test of independence. Chi-square
measures observations on two variables concerned with the
expected frequency versus the actual frequency in a
contingency table [4.5].

A 2 x 2 contingency table was

used with 1 degree of freedom (df) and alpha value (a) of
0.05.
LINEARITY OF RESPONSE

A standard curve was drawn covering the range of
concentrations from 0-100 ppm for atrazine standards using
the mean of the area of the replicate samples.
ANOVA TEST FOR EQUAL ATRAZINE CONCENTRATIONS IN FISH TISSU E

Analysis of variance (ANOVA) compares means from any
number of populations.

ANOVA is based upon comparison of
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estimated variance between group means to the estimated
variance of observations within groups. Large calculated
variances indicate that differences exist among the
population means [4.6].

This test was used to test for

equal means of atrazine concentration in fish tissue
exposed to hypoxia versus the concentration in normoxic
tissue and to check for equal means of these concentrations
in fish tissue exposed to increased temperature versus
tissue exposed to atrazine at ambient temperatures.

It was

also used to test for equal means among top, middle, and
bottom concentrations of atrazine in water.

EXPERIMENTAL ANIMALS, AQUACULTURE CONDITIONS,
ATRAZINE EXPOSURE, AND SAMPLING
Guidelines for acute toxicity tests were adapted from
American Society for Testing and Materials (ASTM) standards
[4.7] .
AQUACULTURE CONDITIONS

Tap water previously dechlorinated [(Activated Carbon,
Park International, Long Beach, CA) at pH 7.0, hardness 25
mg/L (CaC03), alkalinity of 225 mg/L] , was used.

The water

(24 L) was held at a temperature of 21°C in 75 L circular
plastic aquaria.
During the acclimation period, flow-through water
systems were used; for the experiment itself, static water
systems were used.

During the acclimation period and

experiment, there was a 12 hour photoperiod.
An outbreak of Flexibacter columnaris occurred during
the adaptation period.

All fish were treated for 24 hours
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with 3.8 mg Furanace® (Aquarium Products, Glen Burnie, MD)
placed in each tank.

The tanks were then drained and fresh

water was added to the tanks.

The experiments proceeded no

sooner than 10 days after Furanase administration.
EXPERIMENTAL ANIMALS

Specific pathogen free (for Edwardsiella ictaluri)
channel catfish (Ictalurus punctatus) fingerlings (age 100
days old) were arbitrarily chosen and included an
undetermined ratio of males and females. The fish were
raised from eggs in the Aquatic Disease Laboratory of the
School of Veterinary Medicine, Louisiana State University,
Baton Rouge, LA (LSU BR, LA) .
F IS H MAINTENANCE

Ten fish were stocked in each aquarium throughout the
experiment.

Fish were fed twice daily during the

acclimation period using Floating Catfish Feed (S.F.
Services Feed Division, Little Rock, AR) .

The acclimation

period was 21 days for the toxicity of atrazine trial, 44
days for the hypoxia trial, 66 days for the toxicity of
atrazine under hypoxia trial, and 41 days for the toxicity
of atrazine with elevated temperature.

Feed was withheld

two days prior to and during the experimentation period.
Fish were monitored twice daily during the experiment.
Dead fish were removed from each aquarium and frozen at 20°C and analyzed within two months following collection.
One fish was arbitrarily chosen for histopathology analysis
from each group.
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CHEMICALS

Technical Grade Atrazine Powder was kindly supplied by
Dr. Ralph Portier (Institute for Environmental Studies,
LSU-BR, LA) and Ciba-Geigy (St. Gabriel, LA).

Ethanol

(solvent) was obtained from Mallinckrodt, Paris, KY.

Each

concentration of atrazine was dissolved in 50 mL of ethanol
prior to adding to the aquarium.

For definitive short term

tests final tank target concentrations of 10, 15, 20, and
30 ppm were made by dissolving appropriate amounts of
atrazine in 50 mL of ethanol (Table 4.1).

For the toxicity

of atrazine under hypoxia trial, and for the influence of
heat upon the toxicity of atrazine, final tank target
concentrations were 10 ppm and 11 ppm, respectively.

These

were concentrations that killed less than the majority of
fish in the definitve short term tests.

For the solvent

control tank, only 50 mL of ethanol were added.
control tank, no ethanol was added to the water.

For the
At the

beginning of the experiment, chemicals were added to the
tanks and mixed, 30 minutes prior to the addition of fish.
At the conclusion of the experiment, atrazine contaminated
water was passed through activated carbon (Taco Chem North
America, Inc. Philadelphia, PA) .

Prior to disposal, the

filtered water was assayed on a Hitachi dual beam UV-VIS
spectrophotometer (Model U-2000, Hitachi Instruments, Inc.,
Tokyo, Japan).

Samples having no absorbances at 220 nm

were considered to be negative.

Contaminated charcoal
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Table 4.1. The amount of technical grade atrazine (97%)
dissolved in 50 mL ethanol and added to 24 L water to
attain target concentrations.

Concentration (ppm)
10
15
20
30

Atrazine(mg)
247.2
370.8
494.4
741.6
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was wrapped in plastic bags which were placed in cardboard
boxes and disposed of following state regulations.
LIQ U ID CHROMATOGRAPHIC ANALYSIS

Quantitative determination of top, middle, and bottom
water concentrations of atrazine were measured by HPLC
using the method described in Chapter 3.

Water samples

were taken from the top, middle, and bottom of the tanks,
were assayed in triplicate, and were sampled before and
after exposure studies.

The performance of the LC method

was assessed through linearity of response (standard
curve). All muscle samples were analyzed by taking a 0.5 g
aliquot from pooled muscle samples from each individual
exposure.

The sample was extracted, and the extract was

assayed in triplicate by HPLC.

The same technique was used

for the liver tissue.
CONTROL OF WATER CHEMISTRY

The partial pressure trials were run simultaneously at
21°C for 0, 10, 30, 75, and 145 Torr.

A mixture of

nitrogen, oxygen, and carbon dioxide was used and regulated
independently by six Matheson Gas Mixers (Curtin Matheson
Scientific, Inc. Houston, TX) for the 0, 10, 15, 20, 30,
and 75 Torr levels.

The 145 Torr level was maintained

using a low pressure high volume blower (Sweetwater®
Regenerative Blower, Aurum Aquaculture, Kirkland, WA).
Aquaria surfaces were covered by Saran Wrap (Dow Chemical,
Midland, MI). Once these partial pressures were attained,
ten channel catfish were added to each tank.

Dissolved
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oxygen was monitored twice daily with an oxygen meter
(Strathkelvin Instruments, Glascow, Scotland). For the
toxicity of atrazine under hypoxia trial, water hardness,
pH, NH3, and nitrite were also monitored using Hach Test
Kits®,

(Loveland, CO).

A mixing valve (Series 440

Fotoguard and 440 Supply Fixtures, MCC Powers Process
Controls, Mississauga, Ontario) was used to control the
flow of hot and cold water supplying the aquaria to
maintain the temperature of 21°C.

For the influence of

heat upon atrazine toxicity test, an Ebo-Jager Aquarium
Heater (Ebo-Jager, El Segundo, CA) was used to maintain
temperatures at 26°C.
HIS TOPATHOLOGY
Fish carcasses were submitted to Dr. A1 Camus at the
Louisiana State University School of Veterinary Medicine
(LSU SVM) Department of Pathology (Baton Rouge, LA).
Following fixation in 10% neutral buffered formalin, fish
were decalcified for 24 hours in 5% formic acid, and the
acid neutralized for 1 hour in a saturated solution of
sodium bicarbonate.

Once decalcified, cross-sections were

taken at seven levels to include the olfactory rosettes,
eyes, gill, brain, heart, liver, head kidney, trunk kidney,
stomach, intestine, pancreas, skeletal muscle, and skin.
Tissues were processed routinely in a graded series of
alcohols and xylenes, embedded in paraffin, sectioned at
5 urn and stained with hematoxylin and eosin.
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RESULTS

ATRAZINE TOXICITY
Pre-treatment mean atrazine water concentrations in
each aquarium along with the standard deviation are
presented in Table 4.2.

ANOVA of measured values showed no

significant difference for the 10, 15, and 20 ppm tanks
(P=0.3028, 0.2184, 0.4899, respectively; Tables 4.3-4.5).
The 30 ppm tank showed a significant difference between the
top two layers and the bottom layer in atrazine
concentrations (P=0.0160; Table 4.6).

Post-treatment

values for atrazine water concentrations are shown in Table
4-7.

Statistically there was no difference in pre- and

post-treatment aquaria in the 10, 15, and 20 ppm tanks
(P=0.1349, 0.3117, and 0.111, respectively).

There was

however, a difference between the pre-and post-treatment
tanks at 30 ppm (P=0.0004).
Water concentrations and number of dead fish for the
toxicity of atrazine experiment are shown in Figures 4.1
and 4.2.

The cumulative death rate chart shows that two

fish died at 9.1 ppm, 7 died at 16.6 ppm and all 10 died at
24 and 27 ppm tanks.
Table 4.8 displays the results of water chemistry
monitored during this test.

Tissue concentrations of

atrazine as determined by HPLC are shown in Table 4.9.
Prior to death some of the fish exhibited clinical
signs including swimming sideways and mucus production
along the gills.

Histological examination of atrazine
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Table 4.2. Pre-treatment concentration of atrazine in
water from 96 hr toxicity of atrazine experiment.

Target
H20

HPLC
H20

(blank control) 0

0

(solvent control) 0

0

10

9.1 + 0 .0 4

15

16.6 + 0.06

20

24.4 + 0.10

30
27.1 + 0 .0 7
All concentrations are in ppm
n=9
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Table 4.3. Toxicity of atrazine test: ANOVA of top,
middle, bottom water concentrations (target: 10 ppm) .

Level
top
middle
bottom

n
3
3
3

Mean
9.13
9.08
9.05

Variance
0.0083
0.0012
0.0007

Table 4.4. Toxicity of atrazine test: ANOVA of top, middle,
bottom water concentrations
(target: 15 ppm).

Level
top
middle
bottom

n
3
3
3

Average
16.55
16.59
16.67

Variance
0.0053
0.0073
0.0043

Table 4.5. Toxicity of atrazine test: ANOVA of top, middle,
bottom water concentrations (target: 20 ppm).

Level
top
middle
bottom

n
3
3
3

Mean
24.31
24.50
24.51

Variance
0.1242
0.0104
0.0032

Table 4.6. Toxicity of atrazine test: ANOVA of top, middle,
bottom water concentrations (target: 30 ppm).

Level
top
middle
bottom

n
3
3
3

Mean
26.99
27.05
27.14

Variance
0.0031
0.0025
4.63E-05
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Table 4.7. Post-treatment concentration of atrazine in
water from 96 hr toxicity of atrazine experiment.

Target
H20

HPLC
H20

(blank control) 0

0

(solvent control) 0

0

10

9.8 + 0.62

15

17.1 +0.61

20

24.4 + 0.05

30
28.3 + 0.17
All concentrations are in ppm
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■Oppm
■ 10ppm
□ I5ppm
020 ppm
■30 ppm

No. dead 5

□
Days

Daily number of dead fish determined for
channel catfish during 96 hr toxicity of atrazine test.

Figure 4.1.
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■Oppm
■10 ppm
□ 15ppm
□20 ppm
■30 ppm

No.
dead

Day

Figure 4.2. Cummulative number of dead channel catfish
during 96 hr toxicity of atrazine test.
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Table 4.8. Water chemistry from 96 hr
toxicity of atrazine test in channel catfish*

1/4/1996 (5 p.m.)

Control Blank
SolventBlank
10 ppm
15 ppm
20 ppm
30 ppm
1/5/1996

Control Blank
SolventBlank
10 ppm
15 ppm
20 ppm
30 ppm
1/6/1996

Control Blank
SolventBlank
10 ppm
15 ppm
20 ppm
30 ppm
1/7/1996

Control Blank
Solvent Blank
10 ppm
15 ppm
20 ppm
30 ppm
1/8/1996

Control Blank
SolventBlank
10 ppm
15 ppm
20 ppm
30 ppm

NO2 (ppm)

NH3 (ppm)

0.825
0.594
0.858
0.891
0.264
0.726

0.0033
0.0033
0.0033
0.0033
0.0033
0.0033

NO2 (ppm)

NH3 (ppm)

0.957
0.429
0.792
0.396
0.297
0.165

0.0016
0.0016
0.0022
0.0033
0.0011
0.0022

N02 (ppm)

NH3 (ppm)

0.99
0.165
0.066
0.066
0.066
0.066

0.0016
0.0049
0.0022
0.0055
0.0011
0.006

N02 (ppm)

NH3 (ppm)

1.155
0.099
0.099
0.099

0.0022
0.0099
0.0104
0.0099

A

A

A

A

N02 (ppm)

NH3 (ppm)

1.155
0.066
0.099
0.066

0.0011
0.0121
0.0165
0.0121

A

A

A

A

* at pH = 7, hardness = 25 ppm, temp 21°C, HC03' = 150 ppm
all fish dead
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Table 4.9. Concentration of atrazine* in liver and
muscle from 96 hr toxicity of atrazine experiment

Target H20
0

HPLC liver
0

HPLC muscle
0

10

49.6 + 0.03

12.9 + 0.54

15

53.6 + 0.06

26.5+ 0.18

20

81.7 + 0.16

24.7 + 0.11

30

91.9 + 0.18

28.5 + 0.47

*ppm
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exposed fish revealed multifocal telangiectasis of
branchial lamellar capillaries.

One fish had scattered

necrosis of small numbers of skeletal muscle fibers which
had hyalinized coagulated cytoplasm.

HYPOXIA TEST
Fluctuating DO levels for each tank were averaged, and
the mean for each day recorded (Table 4.10).

Figure 4.3

shows the dissolved oxygen levels and the number of dead
fish.

Water chemistry values for the hypoxia test are

shown in Table 4.10.
During the hypoxia experiment, some fish were coming
to the surface in an attempt to get air (piping).

Others

lay very still on the bottom of the aquaria, and the cover
had to be lifted to assess the vitality of the fish.
Histological examination of hypoxic fish revealed no
significant changes.

TOXICITY OF ATRAZINE UNDER HYPOXIA
Pre-treatment atrazine concentrations in the top,
middle, and bottom of the tanks were approximately 10 ppm
(Table 4.11) and in the normoxic tank ranged from 9.92 to
10.27 (P = 0.0086; Table 4.12) and for the hypoxic tank
9.96 to 10.23 (P =. 0.0007; Table 4.13).

Post-treatment

values for atrazine water concentrations ranged from 10.0
to 10.15 in the normoxic tank and from 10.2 to 10.3 in the
hypoxic tank and were not significantly different from pre
treatment concentrations (P = 0.0512 and 0.0533,
respectivley).

Target dissolved oxygen levels were
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Table 4.10. Water chemistry from 96
channel catfish*
1/31/96 Target Torr DO (torr)
NO2 (ppm)
0
0
0.066
10
10.5
0.033
15.5
15
0.033
20
19.4
0.033
30
33.3
0
70
75
0
144
155
0
2/1/96
Target Torr DO (torr)
NO2 (ppm)
A0
0
^ .165
A10.5
10
''O.OSS
A15.5
15
^ .165
20
20
0.264
30
42
0.396
78
75
0.495
148
155
0.462
2/2/96
Target Toit DO (torr)
N0 2 (ppm)
A
A
0
A
A
10
A
A
15
20
0.726
21
35
30
0.99
73
75
0.957
146.6
155
0.561
2/3/96
Target Torr DO (torr)
NO2 (ppm)
A
A
0
A
A
10
A
A
15
20
20.8
0.924
30
35
1.18
75
78.3
0.825
155
0.231
152
2/4/96
Target Torr DO (torr)
N0 2 (ppm)
A
A
0
A
A
10
A
A
15
20
0.33
21.1
30
1.65
38.3
75
67
1.55
155
148.5
0.33
* at pH = 7, hardness = 25 ppm, temp
ppm
A all fish dead

hr hypoxia test in
NH3 (ppm)
0
0.0012
0.0037
0.0024
0.0012
0.0018
0.0012
NH3 (ppm)
A0.0018
A0.0012
A0.0037
0.0031
0.0018
0.0024
0.0024
NH3 (ppm)
A
A
A

0.0043
0.0031
0.0037
0.0037
NH3 (ppm)
A
A
A

0.0031
0.0012
0.0018
0.0024
NH3 (ppm)
A
A
A

0.0031
0.0024
0.0024
0.0031
= 23°C, HCC>3~ = 150
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Figure 4.3. Cummulative number of dead channel catfish at
seven different dissolved oxygen concentrations during
96 hr test.
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Table 4.11. Concentration of atrazine in the top, middle,
and bottom layers of normoxic and hypoxic tanks for the
combined atrazine and hypoxia test

run 1 run 2 run 3

mean stdd ev

9.82 9.99 9.95
10.17 10.37 10.27
10.15 10.00 10.10

9.92
10.27
10.08

0.09
0.10
0.07

10.20 10.30 10.20
10.00 9.93 9.95
10.11 10.05 10.06

10.23
9.96
10.07

0.05
0.03
0.03

Normoxia

top
middle
bottom
Hvooxia

top
middle
bottom
n=3
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Table 4.12. Atrazine and hypoxia combination test: Anova
of atrazine concentration in top, middle, and bottom
water levels at normoxia.

Level
top
middle
bottom

n
3
3
3

Mean
9.92
10.27
10.08

Variance
0.0079
0.0100
0.0058

Table 4.13. Atrazine and hypoxia combination test: Anova
of atrazine concentation in top, middle, bottom water
levels at hypoxia.

Level
top
middle
bottom

n
3
3
3

Mean
10.23
9.96
10.07

Variance
0.0033
0.0013
0.0010
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approximately 25 torr in the hypoxic tanks and 145 torr in
the normoxic tanks.

The number of dead fish on a daily

basis and the total number dead for normoxia and hypoxia
are shown in Table 4.14.

The hypoxic data showing the

cumulative number of dead fish are depicted in Figure 4.4.
When fish were abruptly introduced into the hypoxic water,
they began "piping."

By the next day, all 10 fish in the

10 ppm atrazine plus hypoxia tank were dead.

Five out of

ten (5/10) fish died under hypoxia at 0 ppm atrazine.
Table 4.15 shows the results of the water chemistry
monitored during this period..

The parameters of pH, water

hardness, and temperature remained constant throughout the
experiment.

Table 4.16 lists tissue concentrations of

atrazine as determined by HPLC.

Statistical analysis

showed a difference in the uptake of atrazine in normoxic
versus hypoxic fish as reflected in the muscle (P = 0.044;
Table 4.17) and liver (P = 0.0002; Table 4.18).

The chi-

square test of independence showed an increased frequency
of death in fish exposed to hypoxia than in those at
normoxia (P < 0.05; Table 4.19).

Histologically, there

were no significant changes identified by light microscopy.

ATRAZINE TOXICITY AND ELEVATED TEMPERATURE
Pre-treatment atrazine concentrations in the top,
middle, and bottom levels of the tanks were approximately
11 ppm (Table 4.20) and ranged from 11.05 to 11.76 ppm (P =
3.31E-06; Table 4.21) in the 21°C tank and for the 26°C
tank
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Table 4. 14. Number of dead channel catfish under normoxia
and hypoxia for the 96 hr lethality of atrazine and
hypoxia test*.

Date

Normoxia (# dead)

Hypoxia (# dead)

0 ppm

10 ppm

0 ppm

10 ppm

*2/23/96
2/24/96
2/25/96
2/26/96
2/27/96

0
0
0
0
0

0
1
0
0
0

0
3
2
0
0

0
10
0
0
0

Total Dead

0

1

5

10

*test began at 5 p.m.
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Figure 4.4. Cummulative death rate determined for channel
catfish exposed to 0 ppm and 10 ppm atrazine under
hypoxia.
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Table 4.15. Water chemistry from 96 hr atrazine and
hypoxia test*.

Normoxic
Date

Atrazine
PPm

DO

NOz

2/23/96

0
12
0
12
0
12
0
12

130
124
128
125
124
131
138
134
127
132

0.066
0.099
0.033
0.033
0.132
0.033
0.132
0.066
0.330
0.330

2/24/96
2/25/96
2/26/96
2/27/96

0

12
* at pH
ppm

=

Hypoxic

NH3

DO

NOz

NH3

0.006 24.2
0.006 23.6
0.003 17.4
0.004
0.000 21.7

0.290
0.297
0.297
0.297
0.066

0.006
0.006
0.004
0.004
0.001

A

A

0.000

0.009 25.0
0.003
0.012 26.0
0.002

7, hardness = 2 5 ppm, temp

A

A

=

23°C,

A

0.066

A

0.002

A

0.330

A

0.004

A

HCO3' = 150
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Table 4.16. Concentration of atrazine in normoxic and
hypoxic tissues as determined by HPLC for the 96 hr
combined atrazine and hypoxia test.

run 1

run 2

run 3

mean

std dev*

21.90
22.15

21.90
22.22

22.1
22.4

21.96
22.25

0.12
0.13

32.75
35.41

33.29
35.31

32.81
35.31

32.95
35.34

0.29
0.06

Muscle accumulation

normoxia
hypoxia
Liver accumulation

normoxia
hypoxia
* assay variation
n=3
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Table 4.17. ANOVA for atrazine uptake in normoxic and
hypoxic muscle in the 96 hr atrazine and hypoxia test.

Groups________n_________Mean

Variance*

Normoxicmuscle
3
21.97
Hypoxicmuscle____ 3______ 22.26

0.0133
0.0166

Table 4.18. ANOVA for atrazine uptake in normoxic and
hypoxic liver in the 96 hr atrazine and hypoxia test.

Groups______ n_________ Mean

Variance*

Normoxic liver
3
32.95
Hypoxicliver____ 3______ 35.34

0.0876
0.0033
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Table 4.19. Chi-square analysis of hypoxia and atrazine
lethality in channel catfish during 96 hr test.

Dead

Not dead

Total

Percent

10

0

10

50

Dead

Not dead

Total

Percent

actual number

1

9

10

50

Total

11

9

20

Percent

55

45

Hypoxia

actual number
Normoxia

100

Chi-Square sums = 16.36
a= 0.05; 1 df; x2= 3.84
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Table 4.20. Concentration of atrazine in top, middle,
bottom of 21°C tanks and 26°C tanks as determined by
HPLC for the combined 96 hr atrazine and elevated
temperature test.

ran 1 ran 2

ran 3

mean

std dev

11.70 11.80
11.07 11.07
11.53 11.59

11.80
11.03
11.50

11.76
11.06
11.54

0.0600
0.0231
0.0458

11.50 11.52
11.50 11.60
12.10 12.20

11.52
11.05
12.20

11.51
11.38
12.17

0.0115
0.2924
0.0577

21 °C

top
middle
bottom
26°C

top
middle
bottom
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Table 4.21. Atrazine and elevated temperature test: ANOVA
of atrazine concentration in top, middle, bottom water
levels at 21°C

Groups
top
middle
bottom

n
3
3
3

Mean
11.7667
11.0566
11.54

Variance
0.0033
0.0005
0.0021
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from 11.38 to 12.2 ppm (P = 0.0029; Table 4.22).

Post

treatment values for atrazine water concentrations ranged
from 11.14 to 11.30 ppm in the 21°C tank and from 12.1 to
12.2 ppm in the 26°C tank and were not significantly
different from pre-treatment concentrations (P = 0.3327 and
0.1182, respectively).

In the 21°C tanks 0 fish died at 0

ppm and 1 fish died at 11 ppm.

Figure 4.5 compares the

cumulative numbers of dead fish exposed to 0 and 11 ppm
atrazine at 26°C.

Table 4.23 lists the water chemistry

values from this experiment.

Concentrations of atrazine

are presented in Table 4.24 and are statistically higher in
muscle (P = 2E-06; Table 4.25) and in liver (P = 2E-10;
Table 4.26) from fish in the 26°C tank than the 21°C tank.
The chi-square test of independence for the relationship
between increased temperature and atrazine exposure showed
an increased frequency of death in fish exposed to atrazine
in 26°C water than in those at 21°C (P < 0.05;

Table 4.27).

Clinically, these fish were swimming sideways and had
mucous streaming from their gills.

Histopathology revealed

multifocal telangiectasis of branchial lamellar capillaries
with infiltration of some fibers by macrophages in both
atrazine treatment groups.
D IS C U S S IO N
During the toxicity of atrazine test, at 21°C, the
solubility of atrazine in water was exceeded at 30 ppm
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Table 4.22. Atrazine and elevated temperature test: ANOVA
of atrazine concentration in top, middle, bottom water
levels at 26°C.

Groups
top
middle
bottom

n
3
3
3

Mean
11.51
11.38
12.17

Variance
0.0001
0.0855
0.0033
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Figure 4.5. Cummulative number of dead channel catfish
exposed to 0 ppm and 11 ppm atrazine at 26°C.
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Table 4.23. Water chemistry from 96 hr atrazine and
elevated temperature test.
21 °C
Date

1/29/96
1/30/96
1/31/96
2/1/96
2/2/96

DO
(torr)

26°C
pH
NO2
(ppm)

0.0033

158

7.0

0.495

0.0049

0.165

0.0044

157

7.0

0.033

0.0033

7

0.66

0.0005

141

7.0

0.528

0.0041

109

7

0.099

0.0016

112

7.0

0.033

0.0024

0

150

7

0.627

0.0011

140

7.0

0.198

0.0016

12

146

7

0.066

0.0011

137

7.0

0.066

0.0198

0

146

8

0.924

0.0157

137

7.5

0.165

0.0002

12

146

8

0.066

0.1208

124

8.0

0.066

0.1032

0

154

8

0.825

0.0367

144

8.0

0.231

0.0550

12

149

8

0.099

0.0683

135

8.0

0.099

0.0206

Atrazine
(ppm)

DO
(torr)

pH

no 2
(ppm)

NHs
(ppm)

0

149

7

0.264

12

143

7

0

152

12

at hardness = 25 ppm HC03~ = 150 ppm
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Table 4.24. Concentration of atrazine as determined by
HPLC in tissues exposed to atrazine at 21°C and 26°C.
run 1

run 2

run 3

m ean

std dev*

21 °C

17.10

17.22

17.14

17.15

0.0611

26°C

22.09

22.36

22.01

22.15

0.1833

21 °C

27.12

27.12

27.18

27.14

0.0346

26°C

37.71

37.76

37.71

37.73

0.0288

M uscle c o n ce n tra tio n

Liver c o n c e n tra tio n

* assay variation

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

175

Table 4.25. Atrazine and elevated temperature test:
of muscle biocontration.
G ro u p s
21 °C

n__________M ean
3

ANOVA

V ariance

17.16

0.0032

26°C_________ 3__________22.16

0.0351

Table 4.26. Atrazine and elevated temperature test:
of liver bioconcentration._________________
G ro u p s
n__________M ean
V ariance
21 °C

3

27.14

0.0012

26°C

3

37.73

0.0007
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Table A.21. Chi-square analysis of elevated
temperature and atrazine lethality in
channel catfish during 96 hr test.
No H eat

Dead

N ot d e a d

T otal

2

8

10

Dead

N ot d e a d

T otal

8

2

10

Total

10

10

20

P ercent

50

50

actual number
H eat

actual number

P ercen t
50
P ercen t
50

100

Chi square sums = 7. 2
df; x2= 3 .84

a= 0.05; 1
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[4.8]

so this concentration of atrazine was not attained.

Atrazine has moderate lipid solubility, and its uptake
efficiency can be correlated to its partitioning
coefficient [4.8].

Lipid-rich tissues such as the liver

accumulate more lipophilic xenobiotics than leaner tissues
such as muscle [4.9]. Therefore, equilibrium of atrazine
between water and fish tissues is one factor responsible
for bioconcentration of atrazine [4.9, 4.10].

In this

experiment, atrazine bioconcentrated to a larger extent in
the fish liver than in muscle.
However, since atrazine has a log Kow of 2.33 [4.8],
the expected concentration of atrazine would be one-hundred
fold more than the concentrations found in this study.
Biological factors can account for alterations in the
predicted bioconcentration.

The uptake at the gill is a

kinetic process that depends on several factors, such as
membrane thickness, water flow over gills, blood
circulation, and metabolism [4.9].
For example, mucus secretion is a non-specific
response in fish and is often increased in fish
experiencing stress from pollutant exposure.

Mucus helps

prevent further irritation and uptake of the pollutant
[4.11].

The increased mucus on gills detected in the

atrazine-exposed fish of this experiment was attributed to
this protective mechanism.

The gill membrane may undergo

pathological changes that will reduce xenobiotic uptake.
These gill lesions can impair gas exchange resulting in
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compensatory increased ventilation with increased
xenobiotic uptake.

However, with extensive damage, there

will be less uptake in spite of increased ventilation
[4.9],

Lesions associated with (but not pathognomonic for)

atrazine toxicity in fish include hyperplasia of the gill
lamellae and lamellar telangiectasis [4.12].

Not only is

the diffusion distance increased with these lesions, but
circulation through the gill can be impaired [4.9].

Mild

to moderate multifocal telangiectasis of branchial lamellar
capillaries occurred in the atrazine-exposed fish of this
study and could account for the decreased uptake of
atrazine.
Metabolism of atrazine will affect its
bioconcentration.

In rats and mice, atrazine is

metabolized by both Phase I and Phase II systems.

In Phase

I, N-dealkylation of atrazine occurs while in Phase II, the
principal metabolic pathway for atrazine or its dealkylated
products is conjugation with glutathione (GSH) by the
glutathione-S-transferases.

These reactions occur in

tissues rich in GSH such as the liver [4.13, 4.14].

The

glutathione conjugates are converted to mercapturic acids
in the kidney and excreted in the urine [4.13].

The

metabolism of atrazine in fish is hypothesized to occur
through the same pathways [4.15].

No atrazine metabolites

have been detected in fish, and no effort was made in the
present study to address this issue.

Dealkylated

metabolites of simazine have been found in fish by GC,
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however [4.16].

Fish may excrete xenobiotics across their

gills if water concentrations are below an equilibrium
concentration [4.17],

Excretion may account for the lack

of bioconcentration.
The dissolved oxygen fluctuations in the hypoxia study
could have been altered by the respiration of the surviving
fish.

In addition, dead fish were removed from each tank

as often as twice daily, and some gaseous exchange with
room air occurred.

During the course of the experiment at

75 torr (4.03 mg/L), 6 fish died.

These deaths were an

unexpected finding since this is not a hypoxic condition.
No apparent cause was identified on post-mortem
examination, but histopathologic lesions are not always
detected with acute hypoxia tests [4.18].
The brain is very sensitive to lack of oxygen, and at
low hypoxia and anoxia in this experiment, requirements for
aerobic metabolism were not met [4.19].

Enzymes for

anaerobic metabolism of glycogen occur in the brain, but
glycogen is quickly depleted during oxygen deprivation.
Different species of fishes have different tolerances for
hypoxia.

For instance, the bullhead catfish is more

resistant to anoxia than the rainbow trout since it has
four times higher levels of brain glycogen [4.19].
During warmer months of the year, there is a diurnal
fluctuation in oxygen concentrations, with lowest levels
just before dawn [4.20].
DO below 1 mg/L for

Fishes can withstand exposure to

several hours [4.19] if there is
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adequate uptake from the water.

The uptake mechanism is

passive and oxygen diffuses across gill membranes to
circulating erythrocytes. Fishes can increase their ability
to exchange gas at the gills by constricting the efferent
blood vessels.

This increases the cardiac stroke volume

and increases blood pressure in the gill thereby causing
perfusion of secondary lamellae that are not normally
perfused with blood [4.19] .

The increased blood pressure

in gills, decreases the lamellar membrane thickness, with
more efficient diffusion of oxygen from water to the blood
[4.21] .
In response to low dissolved oxygen, catfish can also
increase their ventilation in the water and thereby
increase the amount of water crossing the gill surface
[4.19].

However, with the increased activity of movement

of water over the gills, there is also an increased demand
for oxygen in gill muscle.

With continued elevated

ventilation rates, acidic metabolites accumulate in tissues
and decrease the blood pH which will decrease the affinity
of red blood cells for oxygen (Bohr Effect)

[4.21].

In the trial incorporating both atrazine exposure and
hypoxia, both normoxic and hypoxic fish bioaccumulated
approximately 22 ppm in muscle and between 33 and 35 ppm in
liver.

This was attributed to equilibration of atrazine

between the water and fish, since atrazine is reported to
equilibrate within 12-24 hours in fish tissue [4.22].
Controversy exists over the role increased ventilation
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plays in increasing the uptake of pesticides from the water
[4.9, 4.10].

It is well established that pesticides will

partition according to their Kow.

However, as mentioned

previously, kinetic as well as equilibrium processes
control bioconcentration [4.9],
The rate of atrazine accumulation in the hypoxic fish
and the normoxic fish cannot be compared because tissue
samples were collected at different times.

All of the

hypoxic fish were collected within 24 hours of exposure.
The majority of the normoxic fish were exposed to atrazine
for 96 hours.

Therefore in this experiment it is difficult

to assess the effect of rate of increased ventilation on
the bioconcentration of atrazine.
Hypoxia caused a higher death rate than normoxia in
atrazine-exposed fish.

Under normoxia, reduced glutathione

(GSH) detoxifies atrazine via glutathione conjugation.
NADPH is produced aerobically through the pentose phosphate
pathway and serves as the electron source to regenerate GSH
from oxidized glutathione (GSSG)

[4.23].

Thus, 10 ppm

atrazine can still be metabolized by GSH within the 96 hr
trial.

Since little NADPH is produced under hypoxic

conditions, less NADPH is formed and less GSH is
regenerated.

Therefore high concentrations of atrazine can

accumulate in the body and can react with proteins to cause
cellular damage [4.14].

The statistical analysis indicted

that the effects of hypoxia and atrazine lethality are
dependent factors that acted synergistically.
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In the trial incorporating both atrazine exposure and
elevated temperature, there appeared to be more
accumulation of atrazine in the muscle and liver under 26°C
than 21°C.

In fish acclimated to colder temperature,

changes in enzyme kinetics and formation of isozymes have
accounted for the fish's ability to adjust to varying
temperature.

For instance, a decrease in temperature over

a fish's physiologic range will be accompanied by increased
enzyme-substrate affinity and increased affinity of Hb for
oxygen [4.24].

The fish held at 21°C were acclimated for

41 days, and could have metabolized atrazine more rapidly
resulting in lower concentrations of atrazine in liver.
Conversely, the fish abruptly exposed to 26°C could have
been stressed by the abrupt temperature change.

This would

result in release of epinephrine [4.25] with increased
cardiac output and increased blood flow to the gill
lamellae thus allowing increased atrazine uptake [4.26].
Temperature stress occurs in the summer months when
high temperature causes decreased dissolved oxygen in water
[4.2, 4.19].

Temperature effects also occur in the spring

and fall when water temperatures fluctuate downward.
cooler temperatures, the immune system is impaired.

At
It is

during this time that catfish are predisposed to
temperature dependent diseases such as Enteric Septicemia
of Catfish, Channel catfish virus disease, parasitism from
Ichthyophtirius multifilils, and Columnaris Disease [4.27,
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4.28].

These infections coupled with exposure to

pesticides could increase mortality.
Several water chemistry values were monitored
throughout this experiment, including ammonia, nitrite, and
pH. Each of these factors have toxic potential and could
have confounded results of this study.

The toxicity of

ammonia is attributed to the unionized fraction (NH3).
This molecule can freely diffuse from the environment into
the blood thereby lowering the pH, decreasing the affinity
of hemoglobin (Hb) for oxygen (Bohr Effect), and altering
osmolality [4.29].

The reported 96 hr LCso values for

ammonia under ideal laboratory conditions range from 1.60
ppm (22°C) to 2.38 ppm (26°C).

Other chemical constituents

as well as DO in pond water can alter ammonia toxicity
[4.19].

During all phases of this experiment ammonia

levels stayed below 0.12 ppm thereby making it unlikely as
a confounding variable.
Nitrite is formed from the oxidation of NH3 by
Nitrosomonas bacteria.

High nitrite concentrations can

also occur after treatment of the pond with an herbicide.
Nitrite in the blood of fish causes an oxidation of heme
iron in Hb from ferrous (Fe+2) to the ferric state (Fe+J)
forming methemoglobin which cannot carry oxygen.

The

affected fish have brownish colored blood and mucous
membranes.

Mortality rate of fish is dependent upon the

dissolved oxygen (DO) in the water.

Factors which lower

the DO level such as elevated temperatures will speed the
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death of fish in high nitrite water.

The reported 24 hr

LC50 values for nitrite-exposed channel catfish ranges from
1.5-26.6 ppm depending upon environmental factors such as
dissolved oxygen [4.19].

During all phases of this

experiment nitrite levels stayed below 1.5 ppm with the
exception of the 30 torr group in the LC50 of Hypoxia test
(Table 4.6)

The nitrite level reached 1.65 ppm on day 4 of

the experiment.

However, only 2 fish died in this group,

and they died on day 2.

None of the fish submitted to

necropsy had the characteristic chocolate colored gills or
blood. Therefore, nitrite is not likely to have confounded
the results of this study.
The pH has an effect on the toxicity of many compounds
by influencing their ionization.

When compounds are in

their unionized from, they can much more readily penetrate
membranes [4.30]. The pKa of atrazine is 1.7 [4.8], and
hence was affected little by the pH change from 7 to 8 in
the

L C 5o

of hypoxia experiment.

The pH of the water also

has a direct effect on fish health in extremes of pH.
Channel catfish production is generally best when the pH of
the water is neutral or is slightly alkaline [4.19].

The

pH of the water in these experiments remained between 7 and
8.

This study indicates that the toxicity of atrazine in
channel catfish was increased by the environmental factors
of hypoxia and elevated temperature.

Higher death rates

and more rapid times to death occurred in the group of
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channel catfish exposed to atrazine at low dissolved oxygen
concentrations, than in those exposed to atrazine at
normoxia.

There was also a higher death rate in the group

exposed to atrazine with an abrupt increase in water
temperature, than the group with no change in temperature.
More atrazine-exposed fish were killed with the hypoxic
conditions in this experiment than those with the increased
temperature stress.

Concentrations of atrazine in liver

and muscle were similar for atrazine-exposed fish under
normoxia and hypoxia, and for atrazine-exposed fish held at
21°C and in those abruptly exposed to 26°C.

Because

atrazine-exposed catfish died at various times during the
96 hour exposure and the liver and muscle samples were
pooled from each tank exposure, the rate of atrazine
bioaccumulation in these tissue cannot be assessed.

Both

hypoxia and elevated water temperature can occur during the
warmer months of the year.

Therefore, in assessing the

toxicity of atrazine, measuring atrazine concentrations in
water or tissue may be misleading since increased
temperature and decreased oxygen levels are important
factors as well.

However, one would not be justified, it

seems, to assign cause to a fish kill as being atrazine
toxicity unless significant tissue levels are observed.
Trace quantities in tissues may reflect a previous exposure
or a brief exposure during the event, but the
concentrations seen here, even with synergism, indicate
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CHAPTER 5
ISOLATION AND DETECTION OF METRIBUZIN
INCURRED RESIDUES IN CHANNEL CATFISH
(ICTALURUS PUNCTATUS)
INTRODUCTION
Matrix Solid-Phase Dispersion (MSPD) is a rapid,
practical, and efficient technique for extraction of
pesticides from fish tissue using low volumes of solvent.
MSPD has been applied to the extraction of a wide range of
pesticides and food animal drug residues from fortified
tissues and incurred residue tissue samples.

The method

has also been applied to the analysis of tissues obtained
from fish kill events [5.1, 5.2].

This report addresses

the application of MSPD to the extraction of the pesticide
metribuzin as an incurred residue in fish tissue.
Metribuzin is an asymmetrical triazine herbicide used
on soybeans, sugar cane, tomatoes, and other agricultural
crops [5.3] and has a soil half life of 1-2 months
depending on pH and organic soil composition [5.4].

This

triazine has been identified as a contaminant in drinking
water and surfacewaters [5.5]. Metribuzin has an octanol
water partition coefficient (log KoW) of 1.6 and will more
readily partition to organic material (such as sediment and
colloidal particles and fish tissue) instead of remaining
in the water [5.4].

Since metribuzin contains four moles

of nitrogen/mole and can be volatilized, it is readily
189
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detected by gas chromatography with a nitrogen phosphorous
detector and mass spectrometry [5.6].
M ATERIALS AMD METHODS
On August 20, 1993, two dead channel catfish
(Ictalurus punctatus) were presented to the Aquatic Animal
Disease Diagnostic Laboratory at the Louisiana State
University School of Veterinary Medicine (LSUSVM) from a
freshwater pond in Oak Grove, Louisiana (Ascension Parish)
in which methylparathion was a suspected toxin.

A site

test of the pond water showed a dissolved oxygen of 10
torr.

Pond water submitted to an environmental laboratory

at the LSUSVM for pesticide analysis was negative.

Post

mortem examination of the catfish revealed a moderate
autolysis, but bacterial cultures were negative.
For pesticide analysis epaxial muscle and liver
samples were removed from each fish.

A modification of the

multi-residue Matrix Solid Phase Dispersion pesticide
extraction method reported by Long, et al. was used to
screen for several classes of pesticides [5.5].

Tissues

were fortified with internal standards of gamma benzene
hexachloride (125 ng/0.5g) and diazepam (500 ng/0.5 g) and
allowed to stand for five minutes afterwards.

The

fortified tissues were blended with 2 g of C18
(octadecylsilyl)-derivatized silica with mortar and pestle
and transferred to a 10 mL syringe barrel column that
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contained 2 filter paper discs in the bottom then overlaid
with 2 g of activated florisil.

The florisil was

previously activated by heating to 130°C for at least one
week prior to use.

The column outlet was fitted with a

plastic pipette tip (100 ul) to increase the elution time.
The column was compressed to 7.5 mL and the tissue residues
were eluted with 8 mL 9:1 of acetonitrile and methanol.
The extraction process took 25 minutes.

The volume of

eluent was approximately 5 mL, which was evaporated to
dryness under nitrogen gas and reconstituted to 500 uL in
methanol.

A metribuzin standard of 99% purity was obtained

from Crescent Chemical Co. Inc.,

(Haupauge, NY).

INSTRUMENTATION
GC NPD

Gas chromatograph: Hewlett Packard 5890A equipped with
DB-5 column 30m x 0.25 id, 0.2um coating (J & W Scientific,
Folsom, CA) column temperature program:

100° C for 1 min,

increased at 10° C per min to 300°C and held for 10 min.
splitless injection with purge function activated at 0.75
min post-injection was used.

Injection port temperature:

200°C.
Nitrogen Phosphorus Detector:
attenuation.

Carrier gas:

300°C at 32

ultra-high purity helium at a

calculated linear flow rate of 30 mL/min.

Make-up gas:

ultra-high purity helium.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

A

192

GC MS
The prepared samples and a metribuzin standard were
submitted to Ms. Connie David at the LSU SVM Analytical
Systems Laboratory for analysis by GC MS.
Gas Chromatograph:

Hewlett-Packard Model 5890A

equipped with a DB-5 column, 30 m X 0.25 mm id, 0.25 um
coating (J & W Scientific, Folsom, CA).
program:

Column temperature

100°C for 1 min, increased at 10° C per min to

300°C , and held for 10 min.

A splitless injection with

purge function activated at 0.75 min post-injection was
used.

Injection port temperature 250°C.
Mass Selective Detector:

Hewlett-Packard Model 5970A;

ionization voltage 70 eV; ion source temperature 250°C;
electron multiplier 2600V; direct capillary interface
300°C; tuned daily with perfluor-tributlylamine.

For total

ion scan, the filament and multiplier were turned on 4 min
post injection.
RESU LTS
Residues of metribuzin were found in both fish muscle
samples. The four most abundant ions in the mass spectrum
were selectively monitored (m/z 198, 41, 57, and 61).
Confirmation of metribuzin was based on the masses and
intensities of these ions and a chromatogram retention time
match relative to a metribuzin standard.

(Figures 5.1-5.4).
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Figure 5.1. Gas chromatogram obtained from nitrogen
phosphorus detector analysis of the MSPD extract from
channel catfish muscle with an identifiable amount
of metribuzin;
fortified with diazepam as internal
standard.
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Figure 5.2. Gas chromatogram obtained from nitrogen
phosphorus detector analysis of the MSPD extract from
channel catfish muscle showing no interfering peaks
with metribuzin; fortified with diazepam as internal
standard.
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Figure 5.3. Gas chromatogram obtained from nitrogen
phosphorus detector analysis of metribuzin standard
run under identical conditions as in Figure 5.1.
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Figure 5.4. Lower trace: Mass spectrum from GC-MS with
SIM analysis of same sample of catfish muscle extract
as in Figure 5.1. Upper trace: Reference spectrum
from National Bureau of Standards Library showing
positive identification.
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Metribuzin was not detected in the pond water submitted
with these fish.

DISCUSSION
Within the same day the fish were brought to our
laboratory, metribuzin residues were detected in the
muscles.

The usefulness of MSPD in the detection of

pesticide fortified tissue has been reported by Lott, et
al. [5.2].

Use of this method may serve as a rapid

screening protocol for the detection of contamination of
food supply as well as environmental monitoring of
pesticide contamination.

Traditional methods currently

used are time consuming and require large volumes of
solvent [5.7].

The MSPD method overcomes many

complications associated with traditional isolation
techniques, since it uses smaller samples, smaller volumes
of solvent and involves fewer steps, thus making it more
efficient and environmental friendly.

This technique may

prove especially useful in the analysis of a vast array of
classes of pesticides suspected in fish kills.

A wide

variety of pesticides are used throughout Louisiana and the
world.

For this reason, analysts should consider using a

multi-residue method capable of extracting a wide number of
pesticides in one extraction step, such as MSPD.
The mechanism of toxicity for metribuzin in mice and
rats is through Phase I and Phase II activation [5.8].
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Phase I, mixed function oxidation (MFO) forms metribuzin
sulfoxide, and/or deamino metribuzin sulfoxide, which are
electrophilic metabolites.

These compounds react with

glutathione (GSH) in Phase II and form mercapturic acids in
the kidney.

When the level of

GSH is depleted, the

metabolite binds to tissue proteins producing
hepatotoxicity [5.8, 5.9]. This mechanism was also proposed
as the mechanism of toxicity in fish [5.10].
Published reports of the half life of metribuzin in
water ranges from 10 days to 2 months [5.4].

Environmental

degradation may account for its lack of detection, or since
metribuzin has a KoW of 40, it may have been bound to the
sediment.

Further, the metribuzin residues were detected

only in the muscle and not the liver.

If this were an

acute exposure, metribuzin may not have equilibrated in the
liver.

Generally, initial uptake of a moderately

lipophilic xenobiotic across the gills is rapid, followed
by slightly less rapid transfer to circulatory fluid,
followed by much slower transfer to, and accumulation in
lipophilic tissues such as the liver [5.11].

If this were

a chronic exposure, the metribuzin may have been
metabolized by the liver to undetectable components since
channel catfish are capable of both Phase I and Phase II
reactions [5.11].

Since Phase II products are usually more

water soluble than parent compounds, the metabolite(s) may
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have been excreted through the gill [5.12] .

The actual

concentration of the total metribuzin is thus unknown.
However, the cause of death cannot be attributed to this
pesticide by simply finding metribuzin in fish muscle.
Tissue concentrations of metribuzin must be established
through toxicity tests and assayed to establish lethal
bioconcentrations as in Chapter 4.

The 96 hour LC50 of

metribuzin for bluegill sunfish is 80 ppm and for rainbow
trout is 76 ppm [5.3], thus establishing it as mildly toxic
to these fish.
The dissolved oxygen (DO) level measured in this pond
was 10 torr.

Since torr is a unit of pressure, the water

temperature must be known to assess the solubility of
oxygen at this pressure.

Unfortunately, water temperature

was not recorded at the time of this fish kill, so the
exact level of oxygen in this body of water cannot be
ascertained.

However, the water surface temperature in

nearby ponds was approximately 29°C on this date [5.13],
Therefore, from oxygen solubility tables the dissolved
oxygen was approximately 0.48 mg/L.

The 72 hour LC50 of

hypoxia for channel catfish is 0.85 mg/L [5.14].

The DO

concentration of the water from this fish kill is below the
lethal limit required to kill 50% of the catfish in a pond
in three days.

Several conditions could induce low

dissolved oxygen of water in the pond including the high
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water temperature (which makes oxygen less soluble in
water), respiratory requirements of large quantities of
plants and animals, and increased algal blooms.

Oxygen

depletion could also occur with herbicides such as
metribuzin that decrease photosynthesis [5.15] and cause
decay of aquatic plants [5.16],

Therefore, through oxygen

depletion metribuzin could have acted indirectly to cause
the death of these fish.

However, the oxygen depletion of

the pond in conjunction with the low toxicity of this
pesticide could have acted synergistically to kill the
fish. In a hypoxic environment contaminated with
pesticides, there could be more rapid uptake of the
toxicant because of higher ventilation rates [5.14, 5.17].
Fishes can increase their ventilation rate in response to
low arterial oxygen content or water oxygen concentrations
through receptors located on the first gill arch [5.14,
5.17, 5.18, 5.19].
Fishes adapted to water with a low dissolved oxygen
are more likely to survive than those not adapted.

The

blood in acclimated fishes has an increased oxygen carrying
capacity due to increased oxygen extraction efficiency in
the gill.

In hypoxia fishes can increase their gill

surface through utilizing lamellae normally buried in the
filament.

In normoxia only 60% of the gill lamellae are

perfused with blood [5.14].

Increased oxygen extraction

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

201

efficiency is also caused by a higher affinity and capacity
of blood for oxygen,

in hypoxia red blood cell (rbc)

adenosine triphosphate (ATP) concentrations are low which
causes an increase in hemoglobin-oxygen (Hb-02) binding
through allosteric modulation [5.17, 5.20].

The blood

capacity for oxygen is also increased in hypoxia through
splenic contraction.

The spleen is a reservoir for red

blood cells in many species of fish and hypoxia induces
increased blood concentration of epinephrine.

Binding of

epinephrine to adrenergic receptors on the spleen causes
contraction and the release of red blood cells into the
circulation. [5.17,5.20],
In a sudden exposure to hypoxia, unacclimated fishes
die.

The adaptation mechanisms discussed above cannot work

quickly and adequately enough to oxygenate the brain.
Glycogen supplies in the brain are quickly depleted under
anaerobiasis, thus limiting the supply of energy [5.14].
In an experiment studying the combined effects of
hypoxia and the organophosphate dichlorvos, blood
acetylcholinesterase activity was lower in fish exposed to
this pesticide in low dissolved oxygen (DO) water, than in
those exposed in well oxygenated water.

This was

attributed to increased gill ventilation in low DO water
resulting in more rapid pesticide uptake[5.17].
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Elevated temperatures can also induce lethality by
making oxygen less soluble in water.

For example, at 29°C

the oxygen concentration at 50 torr would be 2.4 mg/L.

At

15°C the same pressure would have an oxygen concentration
of 3.15 mg/L.

Temperature can also increase the solubility

of chemicals.

For example, the solubility of atrazine at

0°C is 22 ppm and at 27°C is 70 ppm [5.21].

The more

soluble a pesticide is, the more bioavailable it becomes
[5.22].

Besides lowering the oxygen content of water and

increasing chemical solubility, the temperature can
increase a fish's metabolism [5.23] .

In carp exposed to

different water temperature, their metabolic rate increased
when the water temperature was elevated [5.24]. For each
10°C rise in temperature, fish metabolism approximately
doubles [5.25].
Previous studies show increased toxicity of pesticides
at higher temperatures.

Alderdice reported that

pentachlorophenol caused a marked reduction in survival
time in coho salmon at 13°C than in those tested at 7°C
[5.26].

Brown et al. studied phenol effects in rainbow

trout over the range of 6.3 to 18.1°C and showed that
survival time decreased as the temperature increased
[5.27] .

There are no published reports studying the effect

of metribuzin on fishes at elevated temperature, although
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data reported in Chapter 4 support the idea that triazines
may be more toxic to channel catfish at higher temperature.
The cause of the fish kill in this report was not
ascertained.

The dissolved oxygen concentration of 10 torr

in warm water for prolonged periods is low enough to kill
fishes acutely if they are unacclimated.

Even fishes

acclimated to this concentration of oxygen cannot survive
for prolonged periods [5.14].

Whenever the DO falls below

4 mg/L, fish undergo physiologic stress.

This level of DO

in conjunction with increased temperature and the presence
of pesticides (lower than the LC5o) could act
synergistically to cause their demise [5.14, 5.19, 5.26,
5.27] .
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CHAPTER 6
SUMMARY AMD CONCLUSIONS

The goal of this research was to develop an analytical
method for the extraction and detection of pesticides in
fish kills and to further understand the role of
environmental factors in pesticide toxicity.

Triazines

were selected as a model class of such compounds for
pesticide toxicity studies of fishes.

Matrix Solid Phase

Dispersion (MSPD) extraction of triazine-fortified catfish
muscle using atrazine, cyanazine, metribuzin, and simazine
showed good precision, recovery, sensitivity, and
specificity.
The toxicity of atrazine in channel catfish was
studied alone and under the influence of hypoxia and
elevated temperature.

The 96 hr LC50 of atrazine was

determined to be 13 ppm in channel catfish. Mild to
moderate multifocal telangiectasis of branchial lamellar
capillaries occurred in the atrazine-exposed fish of this
study.

Telangiectasis is a non-specific lesion that can

occur with chemical exposure.

Although this lesion was not

fatal, it could impair gas transport and osmoregulation at
the gill leading to morbidity [6.1],

In fishes, atrazine

metabolism is hypothesized to occur through dealkylation in
Phase I and through glutathione conjugation in Phase II.
206
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Glutathione becomes depleted when fishes are exposed to
large quantities of atrazine; reactive intermediates form
that damage proteins [6.2] .

In the present study, liver

concentrations of atrazine were observed to be greater than
muscle concentrations in all fish exposed to atrazine; this
is an anticipated result since liver contains more fat, and
atrazine is a lipophilic chemical.
Under hypoxic conditions (25 torr, 23°C) and 10 ppm
atrazine, all fish (10/10) were killed within 24 hours,
while under normoxia (145 torr, 23°C) and 10 ppm atrazine,
only 1 of 10 fish died.

The cause for this apparent

synergistic effect on mortality may be due to the fact that
reduced glutathione(GSH) detoxifies atrazine via
conjugation.

NADPH is produced aerobically through the

pentose phosphate pathway and serves as the electron source
to regenerate GSH from oxidized glutathione (GSSG)

[6.3] .

Therefore, 10 ppm atrazine was likely detoxified under
normoxia.

Under the hypoxic conditions, GSH would not be

regenerated and atrazine would cause cellular damage.
Statistical analysis of these data demonstrated synergism
since the combination of hypoxia and fish deaths was
significantly greater than with the simple summation of
these individual factors alone.

The bioaccumulation of

atrazine was approximately the same for fish from normoxic
and hypoxic treatments.

However, differences in the rate
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of accumulation of atrazine cannot be assessed for normoxia
and hypoxia because tissues were collected at different
endpoint times.
The study of the effects of abrupt temperature change
(from 21-26°C) in fish exposed to 11 ppm atrazine
demonstrated increased deaths of fish exposed to both
factors.

It is hypothesized that this synergistic effect

is the result of temperature mediated change in enzyme
kinetics.

The fish in the 21°C water would have

metabolized atrazine more rapidly through increased
affinity of glutathione 5-transferase for atrazine,
resulting in lower concentrations of atrazine in the liver.
Statistical analysis of this data demonstrated that the
effects of elevated temperature and atrazine were
synergistic.
Both hypoxia and increased water temperature occur
during warmer months of the year.

Measuring only the

atrazine concentration in water or tissue may lead to
erroneous conclusions concerning the involvement of
atrazine because the water dissolved oxygen and temperature
are also important factors to consider.
A field case consisting of two dead channel catfish
from a pond with a DO of 10 torr (0.48 mg/L) was analyzed
using MSPD as the extraction method.
of nearby ponds was 29°C.

Surface temperature

Metribuzin was detected in fish

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

209

muscle with gas chromatography with a nitrogen phosphorus
and mass selective detector.
detected in the liver.

No metribuzin residues were

Pond water collected with the fish

was negative for metribuzin.

The absence of detectable

metribuzin in liver possibly resulted from lack of
equilibration (if this were an acute exposure) or
metabolism to phase II products that are more water soluble
and excreted through the gill.

Metribuzin was not detected

in the water because of possible environmental degradation,
binding to sediment, or metabolism by aquatic plants.

The

cause of death of these two fish was not, however
determined. It cannot necessarily be attributed to
metribuzin toxicity, since concentrations of metribuzin
must be established through toxicity tests and assayed to
establish lethal bioconcentrations.

It is possible that

metribuzin could have acted synergistically with the low
dissolved oxygen to kill the fish.

Metribuzin could also

have indirectly caused the deaths of these fish by killing
aquatic plants.

As a result, there would be less oxygen

production from photosynthesis which would produce less
oxygen in the pond.
Nevertheless, this case illustrates the usefulness of
MSPD in screening for wide class of incurred residues in
fish tissue and the value of examining tissue levels
required to cause death.

Despite the synergistic condition

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

210

leading to more rapid death and greater toxicity the
concentration of atrazine in tissues was approximately the
same.
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